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In this thesis an effort has been made to understand electrical transport in some disordered 
perovskite oxides. The thesis consists of two parts. The first part deals with the nickelates of 
the type RNiOs (R; La, Nd), chapters 3-6 belong to this part. The second part deals with the 
raanganates of the type Lao. 7 Ao. 3 Mn 03 (A: Sr, Ba, Ca), chapter 7 belongs to this part. A 
brief outline of the thesis is given below; 

Chapter 1 starts with an introduction to transition metal oxides. A brief discussion about 
Mott-Hubbard, Charge transfer and Anderson M-I transitions is given. Various aspects of 
disordered metallic systems are highlighted; the phenomena of weak localization and 
enhanced e-e interactions are discussed. This is followed by a short discussion on the role of 
disorder in transition metal oxides. Now a brief introduction to the nickelates of the type 
RNiOs (R: rare earth elements) is given and the earlier results on this system are reviewed. 
After this the manganates are discussed briefly. The phenomenon of double exchange 
interaction is explained. The previous results are reviewed and some peculiar features of the 
low temperature electrical conductivity of the system are pointed out. 

Chapter 2 presents the details about the sample preparation, characterization, design and 
construction of cryostats, techniques and methodologies used in the measurements. 

Chapter 3 is about LaNi 03 .^' (0 < <5 < 0.14) samples. This chapter contains the electrical 
resistivity (2.5K< T < 300K), thermopower (5K< T < 300K) and electron tunneling 
conductance (at T=1 .2K) data of various samples. Stoichiometric LaNi 03 behaves like a 
normal metal with positive temperature coefficient of resistivity (TCR) and an almost linear 
negative thermopower. As the oxygen deficiency increases the electrical resistivity (p) 
shows a minimum at low temperature which progressively shifts to higher temperature with 
increasing 5. The thermopower of the oxygen deficient samples is found to vary 
systematically with 5 showing a sign reversal at low temperature, however its magnitude 
remains small throughout the whole temperature range which overrules the possibility of 
Kondo effect. In the low temperature limit the Qlectrical conductivity follows a T'''^ 
behavior. We also find a cusp-like dip in the tunneling conductance near zero bias voltage. 



Both these features are attributed to enhanced interaction between the charge carriers in the 
system due to disorder. 


Chapter 4 is about NdNiOs.^ (0.08 ^ < 0.22) samples. This chapter deals mainly with the 
electrical resistivity data (1.2K< T < 300K). A careful analysis of the data has been done 
and results are compared with earlier reports. 

Chapter 5 is about Lai.xNdxNiOs.^- (0 < x < 1) samples. In this chapter a detailed 
investigation of structure, electrical resistivity (2.5K < T < 300K), thermopower (5K < T < 
300K), magnetoresistance (0 < B < 4.5T, 4.2 K < T < 40K) and electron tunneling 
conductance (at T=1 .2K) has been done. 


Chapter 6 is about NdNii.xFexNi 03 .^ (0.0 < x < 0.4). This chapter contains the electrical 
resistivity (2.5K < T < 300K), thermopower (5K < T < 300K), magnetoresistance (0 <B < 
4.5T, 4.2 K < T < 40K) and electron tunneling conductance (at T=1.2 K) of various 
samples. When Fe is doped in NdNiOs-s some interesting features appear. For 10% doping 
of Fe, instead of becoming more resistive the material becomes more conducting. For 20 % 
doping of Fe the material becomes highly resistive but is still metallic. For higher doping of 
Fe the material becomes fully insulating. The magnetoresistance in the system is negative. 
This presumably suggests that the magnetic field counteracts the disorder driven 
localization tendency of electrons. 

Chapter 7 presents our results on manganates. The first part of this chapter contains a 
detailed study of the low temperature electrical resistivity and electron tunneling 
conductance of Lao.TAo.sMnOs (A: Ca, Sr, Ba). The residual electrical resistivity of these 
materials is higher than the estimated Mott's maximum metallic resistivity and also the 
electrical resistivity of all the samples shows an upturn at around 30K. At low temperatures 
( T < 15 K) electrical resistivity follows T'^^ dependence. For all the samples, an anomaly 
in the density of states, with a minimum at the Fermi energy is observed through electron 
tunneling conductance measurements. Both these features are the characteristics of a 
strongly interacting disordered metallic system. Various plausible mechanisms which might 
be responsible for the disorder in the system are discussed. The second part of this chapter 

iii 



presents a systematic study of the effect of Fe doping at the Mn site in Lao.ySro.iMnO.v The 
doping of Fe at the Mn site does not cause any structural change, but the electrical transport 
in the system is strongly affected. As the concentration of Fe increases the system moves 
towards the insulating side and finally for 25% doping of Fe the material becomes fully 
insulating. 

Chapter 8 presents the main conclusions drawn from the present investigations. 
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Chapter 1 
Introduction 


Transition metal oxides constitute one of the most interesting classes of solids, exhibiting a 
wide variety of structures, properties and phenomena[l]. They crystallize in several different 
structures, starting from well known ones like perovskite, pyrochlore and hexagonal ferrite to 
more complex structures like octahedral tunnel, lameller and low dimensional structures. The 
wide range of electrical transport properties exhibited by these oxides is equally outstanding. 
Some of them are metals (e.g. LaNiOs, ReOa), some are insulators (e.g. NiO, BaTiOs) and 
some of them undergo an M-I transition as a function of temperature, pressure or composition 
(e.g. V2O3, LaNii-xCoxOa). 

Recently, because of the discovery of some phenomena like high temperature 
superconductivity and giant magnetoresistance in oxides, they have become very popular. 
Both these phenomena, high temperature superconductivity as well as the giant 
magnetoresistance, are observed in perovskite oxides ABO3 (see figure 1.1). 



Figure 1.1 : A simple Cubic Perovskite Structure. 
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Introduction 


1.1 Why are some oxides metallic and the rest are not? 

The question Why some transition metal oxides are metallie and the rest are not? ” has been 

puzzling the condensed matter physicists working on these oxides for a long time. In the 

begiimtng some efforts were made to answer this question using simple band theory 

According to this theory the transition metal oxides in which the d-levels are partially filled 

should be metallic. Bu, in 1937, de Boer and Verwey[2] (during a conference in Bnstol) 

pointed out the inadequacy of this model to explain the insulating behavior of NiO In NiO 

nickel ,s in state and has 8 d electrons; d-band is expected to be partially filled and hence 

N.0 should be a metal. But it is well known fliat NiO ,s an insulator. Later on simple band 

theo^ consideratioi. were found to fail in explaining the behavior of several other transition 
metal compounds also[3]. 

In ‘5«Mott[4)pointedou,theneedto go beyond thesingleparticle model and to take 

dte coulomb correMons between electrons into accotmt for explaining the propertierof 

^ '’-through in this field occmred in ,964 when 
introduced a model in which the interaction between electrons is included This 
model takes into account the interaction between the electrons when they ITT 

atom. For large interatomic separation this model leads to the splitting of d h H ' 
bands, a full band and an empty hand Th , P ng of d-band in to two 

bands. These bands are separl ! 

interaction energy Deplr u” 

between the bands Hubbard Tl d'"‘"‘''' 

metal oxides. Hubb’ard L k ^ “““ 

into account only the d orbital f ti, ^ compounds[6,7]. This model takes 

measuremen,s[ 8 - 10 ] have shown tath' specffoscopic 

oxygen p and metal d orbitals. So a m d r hybridization between 

into account and the ligand p orbitlls arl to tlyticMtoToTf 

In 1985 Zaanen, Sawatzky and Alle '' Wh^Wlity, 

which takes into account both oxygen p orbLTrwlrCr*" “ '' 

- - in expLumg .e propeffies of seve:::::" 
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and it provides a unified basis for the metallic/insulating behavior of the transition metal 
oxides. According to this model the metallic or insulating properties of the TM oxides are 
determined by the relative positions of the fully occupied oxygen (O^') 2p states, the lowest 
unoccupied transition metal orbital (upper Hubbard band) and the highest filled transition 
metal orbital (lower Hubbard band). According to the relative positions of these levels the 
following four situations, as shown in figure 1 .2, are possible 


Oxygen Transition 
Metal 


Oxygen Transition 
Metal 




Ef 



Figure 1.2 : Schematic illustration of energy levels for (a) Charge Transfer Insulator 
(b) Mott-Hubbard Insulator (c) Low A metal and (d) Low U metal. 


In the first case the Fermi level lies in the forbidden region between oxygen 2p band and 
upper hubbard band; the material is an insulator known as a charge transfer insulator. In the 
second case Fermi level lies in the forbidden region between lower and upper Hubbard 
bands; material is again an insulator known as a Mott-Hubbard insulator. In the third case, 
oxygen 2p band and upper Hubbard band overlap and the Fermi level lies in the allowed 
region; material is a metal known as low A metal. In the fourth case lower and upper 
Hubbard bands overlap and the Fermi level lies in the allowed region; material is a metal 
known as low U metal. 




4 


Introduction 


Depending upon the relative values of A, U and W a material can be a metal or an 
insulator. Also any change in the relative values of A, U and W may cause a transition from 
metallic state to the insulating state and vice versa. So according to ZSA model transition 
metal oxides can undergo two kinds of M-I transition namely charge transfer M-I transition 
(when the charge transfer gap between the oxygen 2p and upper Hubbard band closes) and 

Mott-Hubbard M-I transition (when the coulomb comelation gap between the lower and 
upper Hubbard bands closes). 



rm 


(a) 
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1 .2 Anderson Transition 

In addition to the above M-I transitions there is another mechanism which can drive a metal 
into the insulating side. This transition arises when some kind of disorder is introduced in the 
system. The disorder driven M-I transition is called Anderson tra„sition(12 HI a 
disordered conductor electrons move in a random potential as shown in figure 1 .3(a).' 

The width of potential 
distribution (V) is a measure of the 
randomness of the potential. When 
the disorder and hence the 
randomness in potential is large (V > 
band width) all the states at the Fermi 
level gets localized (see figure 
l-3(b)). If the disorder is small only 
the states at the band edges are 
localized (see figure 1.3(c)). The 
critical energy, which separates the 
extended states from the localized 
states, is known as the mobility edge, 
E,[14]. As long as < Ep the system 
remains metallic. However this 
disordered metallic phase[15,16] is 

quite different in its behavior from 
clean metals. 



Figure 1.3 ; (a) Random potential enernv 
due ,0 disorder (b) schematic diag “m ff 
the density of states vs. energy an 
Antoson localized insnlator (c) fensity of 

system. “ ‘''sxt'lered metallic 
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1.3 Disordered Metallic Systems 

Condensed matter physics has been devoted largely to the study of crystalline materials. 
Periodicity of the crystal allows the electronic wave functions to be classified as Bloch 
waves[17]. However there are very few systems which can be classified as perfect crystals. 
Almost all the systems have some disorder in them. Degree of disorder varies from system 
to system. On the one hand we have weakly disordered systems with a few impurities or 
interstitials in an otherwise crystalline host. On the other hand we have highly disordered 
systems like alloys, glasses, heavily doped semiconductors etc. 

Because of the disorder the electronic waves are scattered from impurities. In 
the weak disorder limit the mean free path for elastic scattering of electrons (/) is much 
larger than the wavelength of electron (A) i.e. kpl:^! where kF=27i/A is the Fermi wave 
vector. In this case electron travels ballistically between two scattering events and the 
electrical transport properties are usually described by the Boltzmann transport equation. 
Within the framework of the Boltzmann transport theory supported by appropriate models 
the resistivity of a metal at low temperature has the form[17]: 

piT) = pi(S) + Ar (1.1) 

with 2<n<5 and A>0. 

In the last few years it has been realized that the real physics of disordered 
material can not be understood by evading the issue and forcing them into the mold of 
ordered systems[16]. It has been found both experimentally as well as theoretically, that 
even in the weak disorder limit, some aspects of the Boltzmann transport theory are 
wrong[16]. For instance in several disordered systems it has been found that the electrical 
resistivity follows eq. (1.1) with A<0 and n«0.5. Few other phenomena, which could not 
be understood within the framework of Boltzmann transport theory, are large negative 
magnetoresistance and zero bias anomaly in the tunneling conductance[ 18-20]. 
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Failure of Boltzma™ transport thaco- to explain the above features pronroted the 

.scoveo- of new concept and theories for disordered systems namely the theories of 

weak locahzation and electron-electron interactions collectively known as 
correction theoiy. quantum 


1.3.1 Weak Localization 

In disordered metallic systems the phenomenon of weak localizationr2l 1 ■ x 
arises because of the interference of electron waves as they ge, scahere f " d f"''' 

ongm of weak localization has been very well described by BergmaimpTra d 
explained with the help of figure 1.4. ^ gmann[2I] and it can be 

In this figure solid circles represent the 
defects and airows on lines represent the 
^ direction of movement of electron. Let us 

consider an electron which starts imtially 
from point O, undergoes elastic collisions 
from various defects (numbered 1, 2, 3 
etc.) and finally comes back to the point 
0- Let the amplitude for this process be 
A. Now suppose instead of travelling the 
path 0->I->2...6->0 electron travels the 
time reversed path O^.I'_>2’..,6’-^0. 

Both these processes will have the same 
amphtudefA) if 

ajnnmetry is 

process which will be the case if there are 

no inelastic collisions. If a,e electron gets 
■nelastically scattered during its journey, 
the phase coherence between the two 
-I' be lost. ,n a.is 



Figure J.4 ; Illustration of the niecb 

auism of weak localization. 
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case the probability for the electron to return to its starting point will be |A|^+|Ap=2iAp. 
However if the electron is not inelastically scattered during its journey, the two partial 
electron waves will interfere constructively. In this case their amplitudes will add giving rise 
to probability |2Ap= 41Ap for the electron to return to its starting point. In other words 
electron has a tendency to stay where it is. This phenomenon is called weak localization. 

Weak localization and electrical resistivity: 

Because of the weak localization low temperature electrical conductivity follows the 
relation: 

E. 

a{T) = (7{0) + AT^ (1.2) 

Here p is the exponent, which appears in the temperature dependence of the inelastic 
scattering lifetime of electrons also i.e. cc T ~^ ; p » 1.5-3 and >l>0. 

Effect of Magnetic field: 

When a magnetic field is applied the time reversal symmetry between the two paths of the 
electron breaks down. The electron waves travelling along the two otherwise equivalent 
paths acquire a phase difference, which is proportional to the area enclosed by the path as 
well as to the strength of the magnetic field. This destroys the constructive interference 
between the two electron waves and hence opposes the process of weak localization. As the 
strength of the magnetic field is increased, the weak localization tendency diminishes and 
consequently the conductivity of the system increases. 

1.3.2 Electron-Electron Interaction 

When the disorder is large the electrons undergo intense scattering from the impurities and 
hence their motion becomes diffusive. Now because of the reduced mobility the electron 
screening cloud can not follow a scattered electron as easily as in a clean metal. Due to 
reduced screening the phenomenon of enhanced electron-electron (e-e) interaction 
arises[15,16]. 
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Elecfron-electron interaction and eiectricai resistivity: Because of the 
enhanced e-e interactions the electrical conductivity varies at low temperatures as[ 15 ). 

a{T) = cxiQi) + mJ^ 

Where 




,2 \ 


0.915 


iTZ'h 





( 1 - 4 ) 


F.is a constant and depends on another constant F by the relation 


32 


( F^ 



1 

1 + 

1 + — I 

r 

F 

4 1 

1 2 j 

_ 


F IS known as the interaction constant and denendt; nn c • , 

of fte static screened coulonrb potential between fte 

opprox.matio„p2| P is mlated the inverse screentng ien^tit « by the relH! 


F = 



( 1 . 6 ) 


and X is related to the density of states 


at the Fermi level N(Ef) by 


X = 


e-NiE,) 


(1.7) 
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Electron-electron interaction and the density of states : 

Electron-electron interactions modify not only the transport properties but also the 
thermodynamic properties and the single particle density of states[15,16]. According to 
Altshuler and Aronov[15] single particle density of states shows a dip at the Fermi level. See 
figure 1.5. 



Figure 1.5 : Single particle density of states (1) in a noninteracting electronic system 
(2) in an interacting electronic system. 


In a three dimensional interacting electronic systems the density of states (at T=0K) varies as 
N(E) = N(0) + <5!V(E) (1.8) 

Here (WfEJ is the correction to the density of states due to e-e interactions and it varies as; 


fi E 

SNiE) = iV(0) LJ 

^ A j 

N(0) and A are constants and energy E is measured from the Fermi level. 
At nonzero temperature the correction to the density of states goes as 


(1.9) 


1 + - 


24 


TikgT 


y 

J 


| 1 / 2 


SN{E)oz 


( 1 . 10 ) 
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1.4 Disorder in transition metal perevskite oxides 


Mo^ of the nonnal metallic transition metal oxides[23-24) have a high electron density 
cm ) ut a rather low electrical conductivity - 10=-10‘ s/cm)^ The low 

condMivity and high electron density indicates a low electron diffusivity, D (- 

i" ■t'cse 

In a perovskite oxide ABO 3 , disotder may arise in several ways It can be 
created by the substttntion of A and B by other atoms ,by doping) or by creling oxygen 

P nt. The degree of disorder in these oxides can be varied quite smoothly by changing 
.he concenmatton of dopants orby changing the oxygen nonstoichiometty. 

1.5 Nickelates 

During last one decade there has been considerable interest in the study of the ' Ir , 

type RNiOsfR: rare earths)r25.311 These o H n " ^ “ckdates of 

but after the discovety ? 

^ f high temperature superconductivitv a ^ 

=:r::ri:-r ~ r- ~ 

perovskite transition metal oxides. electncal transport m 

First member of this serip<: T dMiri • at 

metal. The nominal electronic structure of Ni^'^ is TheT^"! ^ 

conduction band is fonned by the hybridization of the' nickel e' oTIT 7^^ 
orbitals. Physical propefties of LaNiOa have been wtdely repoLd Tr 
All the reports show a large residual resisftvity (p(0)a o s j cm, W ^ 

implies an intrinsic disorder in the system A 1 yi, u >■ ^hia large value of p( 0 ) 

by other atoms like Fe or Co electrical ' f ^ ^ replaced 

35]. This minimum was atJibuted to 

disorder. ““ - the system due to 
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Other members of this series are either insulators or undergo an M-I transition. 
But there are very few studies on these samples, mainly because of the difficulties in the 
synthesis. Normally the nickel compounds with valencies higher than two are unstable. 
Their synthesis, if possible, therefore takes place either at a high temperature and high 
oxygen pressure or by low temperature chemical methods. Due to the extreme conditions 
required for synthesis not many studies of these samples could be done till 1989 when 
Vassiliou et a/. [36] prepared NdNiOs by a novel low temperature sol-gel decomposition 
process. After this NdNiOa attracted a lot of attention and became the most widely studied 
sample of the series after LaNiOs. 

There are some differences between the samples prepared by these two 
methods i.e. the high temperature and high oxygen pressure method[31] and the low 
temperature sol-gel method[34]. While the samples prepared by the first method are 
stoichiometric, those prepared by the second method are oxygen deficient. Electrical 
resistivity measurements have been reported on the samples prepared by both the methods 
(see figure 1.6). 



Figure 1.6 : (a) Resistivity vs. temperature for stoichiometric NdNiOa (after Granados 
et a/. [30] (b) resistance vs. temperature for sol-gel prepared nonstoichiometric 
NdNiOa.^ (after Vassiliou et a/. [36]). 
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Stoichiometric NdNiOs shows a positive temperature coefficient of resistivity (TCR) above 
» 200 K, below this temperature TCR is negative and the resistivity shows a sharp rise. A 
rise of 5-6 orders in resistivity is observed over a temperature interval of 10 K near the 
transition. At lower temperature resistivity tends to a very high value ( i.e. conductivity 
tends to zero), a characteristic of insulators. Torrance et a/. [29] explained this behavior 
using ZSA model[ll]. According to the picture proposed by them NdNiOs is a charge 
transfer insulator at low temperature, but as the temperature increases because of the 
thermal energy, bands get broadened and finally at around 200 K they start overlapping 
resulting in the metallic state. As can be seen from figure 1.6 the high temperature behavior 
of sol-gel prepared nonstoichiometric NdNiOs-s is quite similar to that of stoichiometric 
NdNiOs, but the low temperature behavior is different. In this case the resistivity increases 
only by a factor of 4-5 in going from 200 K to 4.2 K. Furthermore resistivity appears to 
remain finite (or extrapolated zero temperature conductivity is nonzero) even at T=0 K. We 
know that for an insulator the electrical conductivity at T=0 K should be zero so in the true 
sense NdNiOs-s can not be termed as an insulator. However in the literature the behavior of 
NdNi 03.5 has been interpreted using ZSA model on similar lines as for NdNi03[25,26,36]. 

1.6 Manganates 

Rare earth manganates Ri.xAxMn 03 (R: La, Pr, Nd,..; A: Ca, Sr, Ba, Pb) have been known 
and studied for more than a half century[37-41]. LaMn 03 is the most widely studied 
member of this family. It is an antiferromagnetic charge transfer insulator. It was found by 
Van Santen et a/. [38] in 1950 that when La is partially replaced by divalent atoms (like Ca, 
Sr, Ba) the material shows some very interesting properties. They observed a beautiful 
correlation between the electrical and magnetic properties of these materials. In 1969 Searle 
and Wang[41] reported a large magnetoresistance in the single crystals of Lai.xPbxMn 03 . 
After this these materials were almost forgotten for more than two decades. Interest in these 
materials was renewed by the discovery of giant magnetoresistance in thin films of 
La2/3Bai/3Mn03[42] and Lao.72Cao.25MnOz[43] in 1993. Thereafter this material has created 
a lot of excitement in condensed matter physics[44-53]. 
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The physicists are interested in these materials not only because of their potential 
for technological applications, but also because of the fundamental physics of the unusual 
metal-insulator transition observed in these materials. The typical composition where GMR 
effect is most prominent is Lai.xAxMnOs with x=0.3. This compound is characterized by a 
ferromagnetic-paramagnetic transition at Tc and a resistivity peak at Tp, TpwTc, Above Tc the 
material behaves as a paramagnetic insulator while below Tc it behaves as a ferromagnetic 
metal. 

The underlying physics of this system has been traditionally explained, in terms 
of the double exchange model of Zener[54] in which the Hund’s coupling is considered to 
be the most important factor. 



Fig 1.7: Schematic illustration of double exchange interaction between Mn^"^ and Mn'*’^. 

In this compound Mn exhibits variable valence and exists in Mn^"^ as well as in 
Mn'*'^ state. Because of the strong Hund’s coupling, the electronic configuration of Mn^"^ and 
Mn'^'^ are t 2 g^eg' and t 2 g^eg° respectively. Oxygen exists in O^’ state and hence has a closed 
cell. According to Zener the eg electron jumps from Mn^"^ to O^' and at the same time one 
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electron jumps from to Mn* This double hopping event requires that both hopping 

electrons have the same spin. Since in both the ions Hand's coupling is quite strong (i.e. all 

the electrons in the ion have a tendency to align parallel), the hopping event requires both 

Mn tons to have parallel moments. In this way D.E. mechanism connects the 

fen-omagnetism (parallel alignment of Mn moments) and metallic behavior (hopping of 
carriers) in the system. 

Other membeis of the series LarAMnOj with x#0.3 also show very interestine 

physics. In a classic paper Umshiborra«n/.[45] have studied the electrical and magnetil 

properties of Lai.^MnO, (Oi x ^ 0.6) single ciystals and deduced a phase diagram in the 
plane of the temperature vs. x (see figure 1 .8). 



5'-- ’ for Lai..Sr.M„0, crystals. 

tUomalies indicated by triangte are due to the'!j . T®”'**' transition. 

phase diagram of La..,Sr.MnO,orendrdL?dS?"' 

Cane (T.) temperatures, respectiver The f t 'T®'® 

“Pto-cardTnSLcMt 

msulator(FI) and ferromagnetic metal (FM). (after UrnshiCS 45 ,f 
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As can be seen from this figure, below the magnetic transition temperature, the 
system consists of three phases; a spin canted antiferromagnetic insulator for x<0.1, a 
ferromagnetic insulator for 0.1< x <0.15, a ferromagnetic metal for x>0.15. Above the 
magnetic transition temperature (Tn or Tc) the system is either a paramagnetic insulator (x < 
0.3) or a paramagnetic metal (x>0.3). Among all these phases the most interesting one is FI 
phase, because double exchange theory predicts only the metallic ferromagnetic phase at 
low temperature. This phase is attributed[45] to arise because of the Anderson localization 
of conduction electrons due to random potentials. The localized carriers, which can not 
contribute to the macroscopic electrical transport, may mediate ferromagnetic interaction 
between the neighboring local spins to cause the ferromagnetic phase in a bond percolative 
manner[45]. 

Anderson localization[12,13] is encountered due to disorder in the system, which 
causes a randomization of the potential seen by the conduction electron. In the present 
system disorder might be arising because of the random impurity potential. As a matter of 
fact these random impurity potentials should be present in the metallic phase also. In the 
metallic regime these random fluctuations in the potential may affect the low temperature 
electrical transport and the density of the states quite significantly. 

1 .7 Present study and Motivation 

In the past few years our understanding of electrical conduction in disordered metallic 
systems has advanced significantly[15,16]. The effect of disorder on the electrical transport 
and thermodynamic properties has been found to be extremely important, causing 
significant modifications to the conductivity and the density of states. A lot of theoretical as 
well as experimental efforts have gone in to understand the behavior of disordered 
materials. However most of these studies were confined to amorphous metals and doped 
semiconductors. There are very few reports about the effect of disorder on the electrical 
transport in oxide materials[23,33,34]. In this thesis an effort has been made to understand 
the electrical transport in some transition metal perovskite oxides. Here mainly the 
following issues have been addressed: 
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(1) Effect of disorder on the electrical transport in LaNi 03.5 

The parent compound LaNiOs is a well-studied sample[33,34] and it has been reported to 
have a high electron density («10^^ /cm^) but a low conductivity (lO^-lO" S/cm). The 
combination of a low conductivity and a high electron density indicates a low electron 
diffusivity(D) and a sizable amount of disorder. So this transition metal oxide looks ideal 
for a study of the effect of disorder on a metallic system. Furthermore, it is possible to exert 
fine control over the strength of the disorder by controlling the oxygen deficiency 5. 
Another interesting feature of this system is that the thermopower of the parent compound 
LaNi 03 varies almost linearly with temperature. A linear temperature dependence suggests 
that the thermopower of the system is mainly due to the diffusion of electrons, and hence 
any interaction among the electrons due to disorder may be reflected in the thermopower of 
the system also. 

(2) Electrical transport in sol-gel prepared NdNi 03 .s 

As mentioned earlier in section 1.5, the low temperature behavior of the electrical resistivity 
of nonstoichiometric NdNiOa-s is quite different from that of stoichiometric NdNiOs; the 
extrapolated zero temperature conductivity (j(0) of stoichiometric NdNiOs tends to zero 
while that of NdNiOs-s attains a nonzero value. However, in literature, the behavior of 
NdNiOs-s is described on the same lines as for the stoichiometric NdNiOa (see section 1.5). 
But we are not convinced of this description and feel that a more precise analysis of the 
resistivity data of NdNiOa-a is needed. Also we find it interesting to do a systematic study of 
the effect of oxygen stoichiometry on the electrical transport behavior of the system. 

(3) Study of La^.xNd,(Ni 03 ^ and NdNi^.^FOxOa^ solid solutions 

In a perovskite oxide ABO3, disorder can be introduced in several ways; it can be created 
by introducing oxygen nonstoichiometry as well as by substitutions at A and B sites. After 
studying the effect of oxygen nonstoichiometry we found it interesting to see how. does the 
system behaves when the substitutions are made at the Nd and Ni sites. 
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(4) Electrical transport in Manganates 

During the last 5-6 years a lot of work has been done on the perovskite manganate 
LaojAojMnOs (A: Ca, Sr, Ba). Most of these studies are aimed at understanding the 
behavior of the system near Tc, where GMR effect is most prominent. Little work has gone 
in to understand the low temperature behavior of these oxides. Although the low 
temperature (T<Tc) electrical resistivity p shows metallic behavior (the temperature 
coefficient of resistivity, TCR, is positive), the magnitude of p is rather high even at T well 
below Tc- Sometimes, these p values are larger than or comparable to the Mott’s maximum 
metallic resistivity for the system, which is of the order of 10 mQ-cm. For typical metallic 
carrier densities this low conductivity implies a low diffusivity (D) for the carriers. Under 
such conditions the material is expected to behave as a highly disordered, interacting, 
electronic system. Here we have done a detailed analysis of low temperature electrical 
resistivity and electron tunneling conductance data to explore the disordered nature of these 
materials. 

Most of the previous studies on manganates were done by replacing La by other 
rare earths. There are very few studies where doping is done at the Mn site. We feel that the 
partial replacement of Mn, which plays a key role in the conduction process, by other 
transition metals, may give important information about the nature of the system. For this 
purpose Fe was doped in LaojSro.sMnOs and precise measurements of electrical resistivity 
and electron tunneling conductance were performed. 

1.8 The effect of polycrystallinity 

During this thesis work all the measurements were made on highly packed sintered pellets. 
The density of these samples was better than 90% of its theoretical value but still some 
effect of the grain boundaries may be present in the system. As a matter of fact the disorder 
in the system may owe its origin not only to the oxygen vacancies and dopants but also to 
the' grain boundaries. 

All of our studies were made over a group of samples. All the members of a 
particular group have the same packing density. So the effect of disorder due to grain 
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boundaries is expected to be more or less the same in all the samples while that due to other 
factors change systematically across the series. In all the systems investigated here a 
systematic change in the properties is observed as we move through the series. This allows 

us to delineate the behavior of the system that is mainly determined by the disorder in the 
system. 

Here it will be in order to mention that to date (to the best of our knowledge) 
there is no report about the preparation of the single crystals of RNiOs, however the single 
crystals of manganates have been prepared by several groups. 


1.9 Data analysis 


Analysis of the data was done by fitting them to various possible models using a non-linear 
least squares ft program. Fitting was performed by minimizing the quantity 


J' 


/=! 


Y, (data) -Y. (fit) 
Y. (error) 


, where Y,(dala) is the experimentally determined quantity. 


rm IS the fit value and Y, (error) is the eiror estimate (standard deviation) for the , ',h data 
point. N is the number of data points. Yi(error) was determined by collecting a large 
number (typically 25) of y values at a particular temperature and talcing then standard 
deviation. For a good ft q;’ should be of the order of Af i.e. q-' » Al , 


1-10 Thesis layout 


This thesis contains eight chapters. 


cryostats, techniques and methodologies used in measurements. 

Chapter 3 is about LaNiOn ■ (0 ^ 

■ ^ — ■ ) samples. This chapter contains the electrical 

resistivity (2.5 K < T < 300 fi, z eiectncal 

j' V ^ s 1 < juu K), thermopower (5 K < T < 30 o li^^ . .4 , 

conductance (at T=1.2K) data of various samples. ' ' " ' '“""o'-ng 
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Chapter 4 is about NdNiOs-^ (0.08 <5 < 0.22) samples. This chapter deals mainly with the 
resistivity data (1.2 K < T < 300 K). A careful analysis of the data has been done and 
results are compared with earlier reports. 

Chapter 5 is about La1.xNdxNiO3.rf (0.0 < x < 1.0) samples. In this chapter a detailed 
investigation of structure, electrical resistivity (2.5 K < T < 300 K), thermopower (5 K < T < 
300 K), magnetoresistance (0 < B < 4.5T; 4.2 K < T < 40 K) and electron tunneling 
conductance (at T=1.2 K) has been presented. 

Chapter 6 is about NdNi1.xFexNiO3.rf (0.0 < x < 0.4). This chapter contains the electrical 
resistivity (2.5 K < T < 300 K), thermopower (5 K < T < 300 K), magnetoresistance (0 < B 
< 4.5T, 4.2 K < T < 40 K) and electron tunneling conductance (at T=1.2 K) of various 
samples. 

Chapter 7 is about manganates. First part of this chapter .contains a thorough quantitative 
analysis of low temperature electrical resistivity and electron tunneling conductance data of 
Lao.7Ao,3Mn03 (A: Ca, Sr, Ba) samples. In the second part of this chapter the effect of Fe 
doping at the Mn site has been studied. 


Chapter 8 presents the main conclusions of the thesis. 
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Experimental 


This chapter presents the details of the sample preparation and characterization, design and 
construction of cryostats and sample holders, various techniques and methods used in the 
measurements. 


2.1 Sample Preparation 

This thesis deals with two different classes of transition metal oxides, namely nickelates and 
manganates. Different methodologies were used to prepare these samples. A brief 
description of these methods is given below: 

2.1.1 Preparation of Nickelates of the type RNiOs 

In RNiOs, nickel exists in Ni^"^ state. But the Ni compounds with valencies higher than two 
are usually unstable. Their preparation, if possible, therefore takes place either in the 
presence of a high oxygen pressure[l,2] or by low temperature chemical methods[3]. We do 
not have access to high oxygen pressure so we decided to prepare these samples by a low 
temperature citrate precursor decomposition method[3,4]. 

In this method appropriate amounts of metal nitrate solutions were mixed with citric 
acid. The resulting solution was heated to obtain a green colored gel. The gel was fired to 
give a fine powdered precursor. This powder was pressed into rectangular pellets and these 
pellets were sintered under appropriate conditions. More details about the preparation of 
specific samples are given in the respective chapters. 

2.1.2 Preparation of Manganates 

Manganates were prepared by the usual solid state method. This method consists of 
thoroughly grinding the powders of oxides, carbonates, oxalates or other compounds 
containing the relevant metals; pelletizing and then heating the mixture at the desired 
temperature. More details about the preparation of specific samples are given in chapter 7. 
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2.2 Characterization 

All the samples studied during this thesis work were careftlly characterized using x-ray 
difftaetion and iodometrie titration. X-ray difiraction gives infonnation about the phase 

punty, crystal structure and lattice parameters while iodometrie titration is useful for 
knowing the oxygen stoichionietry of the sample. 


2.2.1 X-ray diffraction 

x-ray diffraction patterns were recorded using a Rich-Seifert x-ray diffractometertoodel 
I-dehyeflex 2002) and Ni filtered C„ K. radiation. The x-ray tube operates at 20 mA/30 
kV. The powdered samples were packed into a circular cavity (diameter = Icm) in a 
perspex sample holder. The smnple holder is mounted in a platform such .ha, the beam of 
ra lation falls properly on the sample. The diffracted beam is received by a scintillation 
counter detector at an angle 20 from the incident beam. The specimen and detector are 

rotated synchronously m mamtain die focusing condifion and to scan Uie reflecting planes 
to record the 20 vs. intensity curves. 

2.2.2 Iodometrie titration 

Physical properties of oxides depend quite sensitivelv nn ti, ■ 

ts always desirable to esfimate L exl oxl 

...anon IS die most mliable l ^ 

stoiehiomeny. Basie idea behind dns mefliod is dia, when ” 

e-a ofiod.de ion (f, m an acidic ^ - 

liberation of an equivalent amount of iodine The amount f fb " 

determined by titrafing it with a standard solution of sodium ,7°" 

and from this the estimates of the oxygen content in the sample 

this titration are described below; ^ can be made[5]. Details of 

100 ml ofdistilled water is taken in a conical flask and i r 

to It followed by the mixing nf • of cone. Hcl is added 

oy me mixing of approximately 0 5 m of crxei- u • 

Solution is shaken for some time and the “*um bicarbonate (NaHCOj). 

bme and then approximately 5 gm of KI is dissolved in it. Now 
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the sample (= 0.2 gm) is dissolved in this solution and the volume of the solution is made 
up to 250 ml using distilled water. The solution is heated gently to around 45 ° C. Sample 
reacts with KI to liberate iodine. Because of the liberated iodine the color of the solution 
becomes yellow. Now this solution is treated with O.IN solution of sodium thiosulphate. As 
the titration proceeds the color of the solution fades and at the end point the color 
disappears completely. But this color change at the end point is not very sharp and hence 
makes the determination of the end point difficult. The test of end point is made much more 
sensitive by adding few drops of freshly prepared sodium starch glycolate in the solution 
just before the end point. Starch reacts with iodine in the presence of iodide to form an 
intensely blue colored complex. At the end point the blue color of solution disappears very 
sharply. 


2.3 Design and Construction of cryostats 

An apparatus in which low temperature experiments are performed is known as a cryostat. 
During the course of this thesis work several cryostats were designed and constructed. Brief 
descriptions of some of them are given below. 

2.3.1 A Dipper cryostat for Storage Dewars 

Cryostats designed for insertion into storage dewars are known as dipper cryostats. They are 
often used for fast low temperature measurements. During this thesis work a dipper cryostat 
for 60 Litre helium dewars of 2 in. neck size was constructed. This cryostat is very similar 
to that constructed by Swartz[6] in 1986. 

Conventional He'' cryostats are usually permanently mounted in experimental 
dewars, need frequent transfer of liquid helium and take long cooling-down (and warming- 
up) time. This makes liquid helium experiments quite expensive and time consuming. Our 
dipper cryostat does away with many of these shortcomings. It has fast cool-down and 
warm-up times, consumes very little liquid helium and has excellent tempera;ture stability. 
It is a multipurpose cryostat and it can be used for various kinds of measurements like 
electrical resistivity, thermopower, specific heat etc.. 
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2.3.1(A) Cryostat Design and Construction; 

A schematic diagram of the cryostat is shown in figure 2.1. The central part of this cryostat 
is the vacuum can made of brass. Length of this can is 8”, outer diameter is 1.9” and wall 
thickness is 0.1”. This can be immersed in liquid helium in a storage dewar of 2” neck 
diameter. Liquid helium provides cooling down to 4.2K. Temperatures below 4.2K are 
achieved by pumping on a He'* pot. The body of He" pot is made by drilling a hole on an 
OFHC solid copper rod, the top of this pot is made separately from a thin copper plate. At 
the center of the top plate a thin hole is made for He" feedthrough capillary. A thin capillary 
connects the He" pot to the outside of the vacuum can. This capillary is used for 
continuously filling the He" pot. The impedance of this capillary can be adjusted by 
inserting copper wires of different diameters in it. When the continuous filling of helium is 
not required the capillary can be closed by soldering a copper wire at the outer end of the 
capillary. At the bottom of the pot threading is made so that the sample holder can be 
attached to the pot using a threaded brass rod. This brass rod acts as a thermal link between 
the sample holder and the pot. Different kinds of sample holders are used for different 
measurements. The heater and temperature sensor are mounted on the sample holder. Two 
thermal anchoring posts are made at the top flange of the vacuum can. All the wires are 
properly anchored to these posts before connecting them to the sample holders. 

Vacuum can is sealed with the help of indium O’ring. All the wires enter inside the 
vacuum can through a S.S tube (vacuum can pumpout tube). This tube goes to a copper 
T . One arm of this T goes to a 20 Pin electrical feedthrough and the other arm goes to a 
quarter inch vacuum valve. Pumping of Helium pot is done through another S.S tube 
(Helium pumpout tube). This tube goes directly to another quarter inch vacuum valve. The 
vacuum can pumpout tube and Helium pumpout tube are held parallel to each other with the 
help of a split perspex block. These tubes slide through a specially designed flange which is 
kept at the top of the 60L storage dewar. This flange is a modified version of a triclover 
flange[6]; a half inch thick brass block has been silver soldered to the top of the flange. The 
thicker flange makes sliding of tubes smooth. To seal the tubes at desired heights we have 
made a special split tube seal cap. It consists of a 0.25 inch thick brass plate. It can be 
screwed to the top of the flange so that it squeezes an O’ring between each tube and flange. 
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By tightening the tube seal cap, the tubes can be locked at any position. We have kept some 
additional O’rings in both the tubes, old O’rings can be replaced any time by just separating 
the two ends of the split tube seal cap and bringing down new O’rings after cutting out the 
old ones. 



Figure 2.1 : Schematic diagram of dipper cryostat. 
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2.3.1(B) Sample holders; Different kinds of measurements can be performed in the 

dipper cryostat by attaching different sample holders at the bottom of He" pot. Schematic 

designs of the sample holders for the electrical resistivity and thennopower measurements 
are shown below. 


Sample 



Si-diode- 

Thin perspex 
plate 

Si -diode- 


n 





-Threaded 
brass screw 

T-Upper copper block 
Sample 

Lower copper block 


Figure 2.3 : Sample holder 


for thermopower measurement. 
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2.3.1(C) Operation: 

This cryostat can operate in two modes, namely single shot mode and continuous fill mode. 
In single shot mode, He'* feed through capillary is closed while in continuous fill mode 
capillary is kept open. If the temperature below 4.2K is continuously required for a very 
long time the continuous mode is used; otherwise most of the time single shot mode is 
preferred. 

Single Shot Mode : First of all the sample is mounted in the sample holder and the 
vacuum can is closed using a new indium O’ ring. Now the vacuum can is pumped using a 
rotary pump. Pumping of 30-40 minutes brings down the pressure to about 10 /r of Hg. 
After this He'^ pot is evacuated and pure He"* gas is filled in it at a pressure slightly higher 
than the atmospheric pressure. Now the cryostat is ready for cooling down. Cooling from 
RT to 100 K can be done in two different methods. In the first method the cryostat is 
inserted into a liquid Nitrogen flask. In the second method the cryostat is inserted into the 
He"* container itself but in such a way that it does not touch the liquid; cold helium gas cools 
the cryostat. Most of the time we preferred the second method. Cooling from 300 K to 100 
K takes around 3 hours, if faster cooling is required a little bit of dry helium gas can be 
introduced into the vacuum can. Once the cryostat has cooled down to 100 K, it is dipped in 
liquid helium. After the cryostat has attained the temperature of 4.2 K, pure helium gas is 
introduced at a pressure of ~ 2-3 bar in the He'* pot through the helium pump-out tube. 
When helium gas enters the pot, the temperature of the pot goes up momentarily. After 
some time helium starts condensing in the pot. It takes around 35-40 minutes before He'* pot 
gets filled completely. As soon as the pot gets fully filled, helium gas stops going in as 
indicated by the pressure gauge on the helium supply cylinder. To get temperature below 
4.2 K the He'* pot is pumped using a rotary pump. Below 4.2 K, the temperature control is 
achieved manually by controlling the pumping speed with the valve. Volume of He'* pot is 
about 6cc and it can be pumped continuously for around 2 hours before the can is empty. 
When temperature above 4.2 K is required pumping is stopped and a little amount of dry 
helium gas is inserted in the pot. Between 4.2 K and 10 K temperature is controlled by a 
LakeShore temperature controller. For getting temperatures above 10 K the He"* pot is 
completely evacuated, now the temperature controller can raise the temperature up to 100 
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K. Above 100 K the cryostat is raised in the dewar so that the bottom of the cryostat is 
above the liquid level. Another way to operate' above 100 K is to take out the cryostat from 
the helium dewar and put it in a flask containing liquid nitrogen. 


Continuous Fill Mode; In this mode capillary is kept open. In this situation there is a 
danger that if any gas (other than helium) is present in the capillary, it will freeze at low 
temperature and block the capillary. To avoid this the He"* pot is pressurized with dry 
helium gas so that any gas other than helium is removed from the pot and capillary. Now 
the cryostat is inserted in the storage dewar in such a way that the vacuum can remains at 
the top of the dewar. Once the cryostat is inside the dewar there is no need to further 
pressurize the pot because inside the dewar there is no other gas than the extremely pure 
helium gas. Cryostat is kept in this position for about 3-4 hours, cold helium gas cools down 
the cryostat to about lOOK. Now the cryostat is lowered in steps of 2 inches in every 15 
minutes until the bottom of the vacuum can touches the bottom of the dewar. Once the 
whole system has cooled down to 4.2K, He"^ pot is pumped. Liquid helium enters through 
the capillary in He pot and expands. Since capillary tube always supplies helium to the pot, 
the operation of cryostat at higher temperature (>40K) is difficult. Because of this problem 
we preferred one shot mode most of the time, continuous mode is used only in those 
experiments where temperature below 4.2K is required for a very long time. 


2.3.1(D) Limitations of dipper cryostat: 

While there are several advantages in dipper cryostat, there are certain limitations too. 
Firstly, the experimental space is limited. Secondly, its operation requires raising and 
lowenng operations quite frequently and hence needs a lot of attention from the operator. 
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2.3.2 Conventional He'^ cryostat for glass dewar 

A conventional He'' cryostat with glass dewar was also frequently used for electrical 
resistivity measurements. Some parts of this cryostat were already existing in our 
laboratory, remaining things were constructed and the cryostat was brought to the working 
condition during this thesis work only. The advantage of this, cryostat over the dipper 
cryostat is that it can go to lower temperature (1.2 K) and the data is more stable. .A. 
schematic diagram of this cryostat is shown below. 



Fig 2.4 : A Schematic diagram of He'* cryostat. 
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2.3.3 A device for quick determination of Curie Temperature 

In our day to day laboratory work we encounter several systems which undergo 
fen-omagnetic-paramagnetic phase transition. Very often we want to know the transition 
temperature (Tc) of these materials. For this purpose we constructed a very simple device 
[7] which can determine Tc easily and accurately. 

To vacuum 



Fig 2.5 : A Schematic diagram of Curie temperature device 

In this device two matched secondary coils, having the same cross sectional area and 
the same number of turns (but wound in opposite sense) and coimected in series, are placed 
in an uniform alternating magnetic field produced by a long solenoid (primary coil). Since 
the secondary coils are almost identical, the net emf developed across the pair is zero. Now 
if the sample is placed in one of these coils, there will be an unbalanced emf across the pair. 
This emf is proportional to the susceptibility of the sample. Whenever there is a ferro-para 
transition, there is a drastic change in the susceptibility and hence in the net emf across the 
pair of the coils. 

With the help of a thin teflon rod, sample is introduced in one of the coils. The 
temperature of the sample is measured by a calibrated platinum sensor, kept in contact with 
the sample. Temperature of the sample is lowered by immersing the setup in a liquid 
nitrogen dewar. Liquid nitrogen dewar can slowly be raised or lowered so as to change the 
sample temperature. The reference oscillator of a lock-in amplifier (Stanford Research 
Systems,model:SR830 DSP) provides ac source signal for the primary coil. The net emf 
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developed across the pair of secondary coils is monitored by the A-B mode of the lock-in 
amplifier. 

2.3.4 Construction of a specific heat setup 

In the course of this work a calorimeter have been designed and constructed to measure the 
specific heat of solid samples. A brief discussion of this setup is given in appendix-I. 

2.4 Measurement Techniques 

2.4.1 Electrical resistivity 

A four-probe low frequency ac technique was employed to measure the electrical resistivity 
of the samples (see figure 2.6). A Lock-in amplifier (Stanford Research Systems, model 
SR830), a voltage to current converter (home made; driven by Lock-in sine out) and a 
temperature controller (LakeShore Cryotronics, DRC-82C) were used for the measurement. 
The current and voltage leads were attached to the sample with silver paint after cleaning 
the sample surface mechanically. It was ensured that the current does not cause any heating 
of the sample during measurement. The absolute accuracy of resistivity is « 5 % mainly due 
to uncertainties in the geometrical factors; however, the resolution was better than I -5 part's 
in lO^ 



Figure 2.6: Arrangement for the electrical resistivity measurement. 
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2.4.2 Thermopower 


The .he^opower is an inap„n,„. tool for siudyng ,he nature of charge caviars and v ' 

processes that occur Close to fhpp. • ^ t. carriers and various 

ihe two ends of the san, , a " ' " 

There are two basic techn “ ' 

.ech„„„e and the differentia ",1'“ 7^" 
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temperature of the other end' ■ ^ *' “d the 

couid he in the fol If 7:“^ the sampie 
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between the two ends of the sample h'f ”7 ‘™P™™ gradient is applied 

is applied. ^ fixed temperature gradient 

During this thesis work fliA fK-a 

technique with copper as the othe "T”" """ ‘'™' dc differential 
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difference (dV) developed across the 7^' 
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setup was checked by measuring the th rbe performance of the 
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Transition metal oxides constitute one of the most interesting classes of solids, exhibiting a 
wide range of phenomena. The range of transport properties exhibited by these oxides is 
vast. Some of therfi are metallic, some are insulating and some of them undergo a metal- 
insulator transition as a function of temperature, pressure or composition. Some of the 
interesting M-I transitions which are observed in transition metal oxides are Mott-Hubbard, 
Charge transfer and Anderson M-I transitions. 

Anderson transition arises when disorder is introduced in a metallic system. Because of the 
disorder electrons move in a random potential. Localization of electronic states can occur in 
this situation and if the potential is random enough the metal becomes an insulator . 
However if the disorder is not sufficient to cause M-I transition, the system remains 
metallic. In this case only the states at the band edges are localized and those at the Fermi 
level remain extended. In these disordered metallic systems the interesting phenomena of e- 
e interactions and weak localization are observed. 

Disordered metallic systems close to M-I transition have been explored actively by 
condensed matter physicists in recent times. Most of the previous studies of disordered 
systems were confined to amorphous metals and doped semiconductors but recently oxides 
have also attracted considerable attention for such studies. In oxides disorder can be 
introduced by substitution of one or more of the constituents or by creating oxygen 
nonstoichiometry in the system. 
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Figure 2.8 : Thermopower of platinum measured using our thermopower setup. Sym- 
bols represent the present experimental data and solid line represents previously 
reported data[8]. 

2.4.3 Tunneling conductance* 

The tunneling measurements were carried out on tunnel junctions formed by pressing a 
small Pb (counter-electrode) piece against the sample. The tunnel barrier is formed by the 
native oxide surface on Pb. A programmable current source (Keithley Model 220) and a 
nano voltmeter (Keithley Model 182) were used to obtain the I-V characteristics of the 
junction. The differential conductance (dl/dV) was obtained numerically. All the 
measurements were performed at 1.2 K by dipping the samples in a pumped He"' bath in a 

Current 
Source 


Nano 

Volt 

Meter 


P.C. 


Figure 2.9: Arrangement for the electron tunneling conductance measurement. 



' More details about the Electron tunneling spectroscopy axe given in Appendix-II. 
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2.4.4 Magnetoresistance 

The magnetoresistance measurements were done by a standard four-probe dc method using 
a 45 kG superconducting magnet. The temperature of the sample was measured using a 
calibrated carbon glass resistance. The resistance was measured as a function of magnetic 
field strength. (Rb-Ro)/Ro gives the magnetoresistance of the sample. 

2.5 Automation and data acquisition 

All the measurements were automated during this thesis work and the data acquisition was 
done using a GPIB card with a PC. Computer programs used for data acquisition were 
developed during the course of this thesis work. 

2.6 Miscellaneous 

Vibrating sample magnetometer with a 95 kG superconducting magnet was used to measure 
the High field Magnetization of NdNi02.88 in the temperature range 4.2-200K[9]. 

A Faraday balance was installed during this thesis work and it was used to measure the 
room temperature magnetization of some of the samples[10] in magnetic fields of 0-6 kG. 
The field gradients at different fields were calibrated using HgCo(SCN) 4 . 

The Mossbauer spectra of NdNii.xFcxOs.^ samples[10] were recorded at room temperature 
using a ^^Co source deposited on a rhodium matrix. The spectra were analyzed using the 
Mossbauer analysis software PC-MOS supplied by CMTE Electronik, Germany. 


* See appendix -III. 
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Chapter 3 

Electrical transport in LaNiOs.^ 

3.1 Introduction 

During the last few decades a lot of effort have gone into understanding the fundamental 
physics involved in disordered metallic systems[l]. Disorder has been found to affect the 
electrical transport and thermodynamic properties of metals quite remarkably. It causes 
significant corrections to the conductivity and the density of states: a minimum in the 
temperature dependence of resistivity and a strong anomaly in the density of states[2] at the 
Fermi level are frequently observed. Altshuler and Aronov[3,4] showed that in these 
systems many-body e-e interactions are important. Taking into consideration e-e inter- 
actions, they predicted[3] a temperature dependence for the low temperature correction 
to the electrical conductivity and a square root anomaly in the density of states at Ep for 
three dimensional systems. According to them[4], the modification to the density of states 

goes as 5N {E) <x\E-Ep ^ . Later, McMillan[5], considering both localization and e-e 
interaction effects, predicted a similar expression for the density of states: 


N{E) = A(0)' 


1 + 


E-E. 


sO.5 


3.1 


here A is a constant, named as the correlation gap [5]. 

Previously, most of the studies of disordered systems were confined to amorphous 
metals and doped semiconductors[6], but recently oxides have also attracted considerable 
attention for such studies[7-10]. In this chapter an effort heis been made to investigate the 
effect of disorder due to oxygen deficiency on the electrical resistivity ^(T), tunneling 
conductance G(V) and thermopower S(T) of a three dimensional transition metal perovskite 


This chapter is mainly based on the published work by A. Tiwari and K. P. Rajeev, J. Phys.: Condens. Matter 
11,3291 (1999). 
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oxide system. For this study we found LaNiOs-^ system to be the most suitable, for the 
following reasons: (i) The parent compound LaNiOs [9,10] has a high electron density {= 
10^^ cm‘^) but a low conductivity (« 10^-10'* S cm''). Low conductivity and high electron 
density indicates a low electron diffusivity (D) and a sizeable amount of disorder. This 
transition metal oxide seems ideal for a study of the effect of disorder on a metallic system, 
(ii) It is possible to have a fine control over the strength of disorder by controlling the 
oxygen deficiency d. The nature of disorder in this case would be mainly oxygen vacancies 
in the lattice. This would randomize the potential ‘seen’ by the conduction electrons, (iii) 
The thermopower of the parent sample LaNiOs varies almost linearly with temperature; a 
linear temperature dependence suggests that the thermopower of the system mainly arises 
from the diffusion of electrons, and hence any interaction among the electrons due to 
disorder may be reflected in the thermopower of the system also [11]. 

With the above objectives in mind we have carried out precise measurements of the 
electrical resistivity, tunneling conductance and thermopower of LaNi03.^ (<5 = 0-0.14). 

3.2 Experimental 

All the samples investigated in this work were prepared by the sol-gel method. 
Stoichiometric amounts of La203 and Ni(N03)2.6H20 were dissolved in nitric acid, and 
citric acid was added to this solution so as to 
maintain the ratio of La:Ni:citric acid as 1:1:2.05. 

The molarity of this solution was maintained at 0. 1 
M and the solution was refluxed at 360 K for 24 
hours. The solution was gently warmed to get a 
fluffy gel; this gel was fired at 925 K for 12 hours. 

The sample thus prepared was pressed to form four 
rectangular pellets and the pellets were sintered 
under different conditions to vary the oxygen 
stoichiometry of the sample. The oxygen 
concentration for all the samples were determined by 
lodometry. The crystal structures and lattice 
parameters for all the samples were determined by 
x-ray diffraction (see figure 3.1). 



20 (degrees) 


Figure 3.1 : X-ray diffraction 
pattern of LaNiOa taken with 
Cu K„ radiation. 
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The electrical resistivity measurements were done by a four probe low frequency ac 
technique (1 kHz) in the temperature range of 2.5-300 K. A Lock-in amplifier (Stanford 
Research Systems: SR830), a voltage to current converter (home made, driven by the lock-in 
sine out) and a temperature controller (LakeShore Cryotronics: DRC-82C) were used. A 
measuring current of 2-5 mA was used. It was ensured that the current did not cause any self 
heating. The absolute accuracy of resistivity is about 10 percent (large mainly due to 
uncertainties in the geometrical factor) however, the resolution was much better at 1-5 parts 
in 10^. The tunneling measurements were carried out on tunnel junctions made with Pb 
counter-electrode. The absolute thermopower measurements were performed over the 
temperature range of 5-300 K. The homemade apparatus employs a standard dc differential 
technique with copper as the other arm of the thermocouple. A temperature difference (AT) 
of 1-2K was maintained across the two ends of the sample and the voltage difference (AV), 
thus developed was measured using a Kiethley nanovoltmeter (model 1 82). aV/aT gives 
the thermopower of the sample with respect to copper. The absolute thermopower of copper 
was added to this quantity to get the absolute thermopower of the sample. 

3.3 Results 

X-ray diffraction pattern of all the samples show single-phase systems. All the samples are 
found to be cubic, with almost similar lattice parameters (see table 3.1). 

Table 3.1 : Sintering conditions, oxygen nonstoichiometries ((5) and lattice parameters 
(a) for various LaNiOa.^ samples. 


Sintering 

atmosphere 

Duration 

(days) 

Sintering 

Temp.(K) 

5 

a (A) 

O 2 

7 

1100 

0.00 

3.850 

Oi+air 

7 

1100 

0.06 

3.851 

Air 

7 

1100 

0.11 

3.853 

N, 

7 

1050 

0.14 

3.855 
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J-f) 

The electrical resistivity data for LaNiOs.^ samples from 2.5 K to 300 K are shown in 
figure 3.2. LaNiOs shows a positive temperature coefficient of resistivity (TCR) through out 
the whole temperature range while the oxygen deficient samples exhibit a minimum in the 
resistivity at low temperature (T.,). At higher temperature all the samples show linear 
vanation with temperature, indicating that electron-phonon scattering detennines the 
temperature dependence at high temeperature in these samples. 



Figure 3.2 : Electrical 
300K. 


resistivity of LaNiOa., (<5=0.00, 


0.06, 0.11, 0.14) from 2.5K 


to 
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In figure 3.3 the differential tunneling conductance data G(V) (=dI/dV) of various samples 
at 1.2 K are shown. We have chosen Pb as the counter-electrode and performed the 
measurements at 1.2 K where Pb is in the superconducting state. This was chosen because 
the observation of the superconductivity gap is a strong evidence for the quality of the 
tunnel junction and ensures that the tunnel injection is indeed the mechanism of charge 
transfer. For all the junctions we have observed a well defined dip in conductance for |Vj < 
Apb . In the inset of figure 3.3 we have shown the superconductivity gap of Pb as observed in 
the case of LaNi 03 . 



Figure 3.3 : Tunneling conductance (G) vs. the bias voltage for LaNiOs-^ ((5=0.00, 0.06, 
0.11, 0.14) at 1.2 K. The data have been normalized to unity at 100 mV and shifted 
vertically for clarity. Information about the absolute values is given in table 3.2. The 
inset shows the low-bias (1V|< 10 mV) experimental data for LaNiOs, reflecting the 

signature of the superconductivity gap of Pb. 




Electrical transport in LaNiOi 


Thermopower data for LaNiOj^ samples from 5 K to 300 K are shown in figure 3,4 taNiO 
has a negative themtopower with almost linear themtal variation, while the themtopower oj 

oxygen-deficent samples show a sign reversal from negative to positive and a distinct 

maximum at low temperature. 



nght hand s.de. The inset shows the fit for f f"-- '’“" I'*, it is on 
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3.4 Discussion 

3.4.1 Electrical Resistivity 

The variation of resistivity with temperature for LaNiOs is very similar to that for good 
metals except for its large magnitude. At higher temperature, p(T) varies linearly with 
temperature and at lower temperatures it approaches a residual value following the 

relation /7(r) = yo(0) + C • Here it is to be noted that, although LaNi 03 has a high 
electron density, its electrical conductivity is very low (« 2x10'^ S cm'*). This implies a low 
electron diffusivity. 

For oxygen-deficient samples, distinct resistivity minima are observed. In metals the 
low temperature minima may arise for the following reasons; (i) because of the Kondo 
effect[13] and (ii) because of the weak localization and e-e interactions, collectively known 
as the quantum correction effects[l]. The Kondo effect is encountered in nonmagnetic 
systems containing small amounts of magnetic impurity. Kondo systems show a giant 
thermopower, at low temperature. Since none of our samples exhibit giant thermopower the 
possibility of a Kondo effect is mled out. Weak localization and e-e interactions effects are 
seen in disordered metallic systems. In the case of disordered metals, because of the 
interference of partial electron waves, weak localization effects are observed. Weak 
localization and e-e interaction effects have been discussed in some detail in chapter 1 . The 

correction to the conductivity in the case of weak localization goes as oc ^ with 

p»1.5-3. In the case of strongly disordered metals, the electrons undergo intense elastic 
scattering from the impurities. This makes their motion diffusive and hence reduces their 
ability to screen out the electric field of other electrons. Reduced ■ screening causes an 
enhanced Coulomb interaction among the electrons[l]. The correction to the conductivity 

due to the enhanced interaction goes as <5cr^.^ oc Vt . Quantum correction effects affect the 
electrical conductivity at low temperatures; at higher temperatures the usual inelastic 
contributions become significant[14]. Because of the inelastic scattering, the electrical 

conductivity has an additional contribution of the kind = -cT^ . 
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To get some idea about the real mechanisms involved, we fitted our low temperature 
(2.5-20 K) conductivity data to an empirical relation of the kind cr(r) = cr(0) + bT"' - cT" . 
The details of fit are given in table 3.2. It can be seen from this table that for all the samples 
the value of m lies very close to 1/2, thus suggesting that e-e interactions might be mainly 
determining the low temperature behavior of system. 


Table 3.2 : Parameters used in fitting the low temperature (2.5 K < T < 20 K) 
conductivity data for LaNiOs.^ to the empirical relation a{T) = c7{0) + hT'’‘ -cT" . 
Number of data points used for fitting, N«200. 


(5 

cr(O) 

(S/cm ) 

b 

(S/cm-K"’) 

C 

(S/cm-K") 

m 

n 


0.00 

1262.07(1) 


0.0377(1) 

- 

1.993(1) 

242 

0.06 

841,61(2) 

3.976(8) 

0.0649(4) 

0.51(2) 

2.026(2) 

285 

0.11 

209.18(4) 

5.586(9) 

0.141(2) 

0.49(1) 

1.367(3) 

291 

0.14 

132.71(3) 

7.075(3) 

0.244(3) 

0.49(1) 

1.188(2) 

317 


3.4.2 Tunneling Spectroscopy 

Tunneling conductance G(V) is a direct measure of the single-particle electronic density of 


states N(E) at energy E — q^-V + E^ . In highly disordered metallic systems, electron- 


electron interactions give rise to a correction to the density of states N(E) at E=Ef (see 
eq.(3.1)). According to Altshuler and Aronov[l], in three dimensional disordered systems 


this correction to the density of states goes as SN{E) oz\E-E, |'/ ^ causing a cusp in the 


tunneling conductance at V=0 such that G(V) = G(0) 




0.5” 

1-f 

l A ; 



Here G(0) is the zero 


are 


bias conductance and A is a constant. Interestingly, all the samples under investigation 
found to obey the above relation very well. In table 3.3 we have shown the values ofx^ and 
the parameters used in fitting our data to the above equation. 
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Table 3.3 Parameters used in fitting the tunneling conductance data for LaNiOs-^ to 
G(V)=G(0)[1+(1V1/A)‘’ ®]. Data in the range 10 mV< V < 100 mV were used for fitting. 
Number of data points used for fitting, N»100. 


5 

G(0) (S) 

A (meV) 

1 

r 

0.00 

0.8473(9) 

649(9) 

173 

0.06 

0.1203(2) 

267(2) 

139 

0.11 

0.0410(1) 

128(2) 

164 

0.14 

0.00273(2) 

116(3) 

180 


Shown in figure 3.5 are the values of A as a function of the extrapolated zero temperature 
conductivity o'(O). Altshuler and Aronov[l] showed that A should vary as (t( 0)^ while 
McMillan's model[5] predicts an exponent of 2. Our experimental data is found to follow an 

empirical relation, A = m + v-(t(0)^ (u=114.5 meV, v=0. 741x10'^ meV S"' cm'’ , q=3.2), which 
is very close to the prediction of Altshuler and Aronov[l]. 



Figure 3.5: The variation of A with cr(0). The solid curve represents the best fit to 

A = M + V • cr(0)^ . 
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3.4.3 Thermopower 


The thermopower of LaNiOs varies linearly with temperature in good agreement with the 
free- electron expression for the thermopower: 


6 eE^ 


(3.2) 


Using this expression for the <5=0 sample, we found Ef = 0.24 eV, which agrees well 
with the already reported value [9] of Ef =0.21 eV. A linear temperature dependence of 
thermopower means that the main contribution comes from the diffusion component. As the 
value of (5 increases, some very interesting features appear in the thennopower of the 
system. It is negative at room temperature and as we go down in temperature at a 
characteristic temperature To it changes sign from negative to positive. Below To its 
magnitude further increases to a maximum and then starts falling. Also we observed that the 
value of To changes with <5: To =42K, 75K and 71K for <5= 0.06, 0.1 1 and 0. 14 respectively. 
We found that S fits best to the relation S = -aT + fiT” with n «l/2 (see table 3.4). 


Table 3.4 : Parameters used in fitting the thermopower data (5 K < T < 300 K) to the 
empirical relation S = -aT + fTT” . Number of data points used for fitting, N«300. 


<5 

a (uV/K^) 

(uV/K"""') 

n 


0.00 

0.0541(9) 

- 

- 

495 

0.06 

0.0739(9) 

0.48(1) 

0.50(1) 

400 

0.11 

0.084(3) 

0.505(8) 

0.59(1) 

347 

0.14 

0.136(4) 

0.91(3) 

0.56(1) 

470 


For several other materials also an additional contribution to thennopower along 
w.th the diffusion component is observed and this is usually attributed to phonon drag. 
Smce all of our samples have similar erystal sbuCure and almost identical molecular 
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weights, their Debye temperatures will also be the same, and hence the phonon drag 
thermopower is expected to be the same for all the samples. But in our case a systematic 
variation in the strength of T" term with 3 is observed. These observations suggest that the 
phonon drag mechanism can not account for the observed thermopower. Since the presence 
of enhanced interaction among the charge carriers due to disorder is unambiguously 
established from the electrical conductivity and the tunneling conductance data, we feel that 
the thermopower may also be showing the effects of enhanced electron-electron interactions 
in this system. However, in the absence of any theoretical predictions[l 1] we can not make 
any further progress on this front. 


3.5 Conclusion 

In this study we have observed the evolution of enhanced electron-electron interaction 
effects in a three dimensional perovskite oxide system LaNiOs.^-. Stoichiometric LaNiOs 
behaves as a normal metal although with a very small electron diffusivity; as oxygen 
deficiency is introduced into the system the material becomes more disordered and the 
electron-electron interactions become quite significant and starts affecting the electrical 
transport. Observed changes in the electrical conductivity and tunneling conductance agree 
very well with the theoretical predictions for e-e interactions. A systematic variation in the 
thermopower of the system with 3 is also observed. 

At the end of this chapter we want to mention that although the electrical resistivity 
and electron tunneling conductance data show the presence of dominant e-e interactions, the 
simultaneous presence of weak localization effect can not be mled out at this stage. Some 
more discussion on the possibility of weak localization effect is made in chapter 5 where we 
present the magnetoresistance data of Lai.xNdxNi 03 samples. 


ewtRJL uw*' 

I.UT>, KAiIfU* 
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Chapter 4 

Electrical transport in NdNiOs.^ 

4.1 Introduction 

Next to LaNiOs, NdNiOa is the most widely studied member of RNiOa (R; rare earth) 
series. It was prepared for the first time by Demazeau et a/. [I] who prepared it under a high 
temperature and a high oxygen pressure. Later on, Vassiliou et a/. [2] prepared NdNi 03 .^ by 
a low temperature sol-gel method. The samples prepared under high oxygen pressure have 
been found to be almost stoichiometric[3,4] while the sol-gel prepared samples are oxygen 
deficient[5]. 

Electrical resistivity measurements have been reported on samples prepared by both 
methods[2,5-8] and there is a general consensus that the material is metallic at high 
temperature (roughly T > 200 K), insulating at low temperature and there is a metal- 
insulator (M-I) transistion in between (see section 1. 5 of chapter 1 for more details). We do 
not question this interpretation in the case of samples prepared by the high temperature, 
high oxygen pressure method. But a close look at the previously reported low temperature 
electrical resistivity data (see figure 1.6 of chapter 1) of nonstoichiometric NdNiOs-^ shows 
that the electrical conductivity of the material tends to a nonzero value as T->0K. This 
suggests that even at low temperature NdNiOs.^ can not be called an insulator. Here it 
would be in order to clarify what we mean by the terms metal or insulator at this juncture. A 
metal is something which has a non-zero electrical conductivity at the absolute zero of 
temperature. An insulator's electrical conductivity at OK is strictly zero. This is just a 
recognition of the fact that a metal has extended states at the Fermi level while an insulator 
has no extended states at the Fermi level. However, in most of the previous reports[2,6], the 
behavior of NdNiOs.^- is described on the same lines as for the stoichiometric NdNi 03 . 

This chapter is mainly based on the following two published Papers: (i) A. Tiwari and K. P. Rajeey , Modem 
Physics Letters B 11, 1161 (1997) and (ii) A. Tiwari and K. P. Rajeev, Solid State Commun. 109, 119(1999). 
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One of the most important parameters that affects the physical properties of oxides 
is the oxygen stoichiometry. Any change in it may cause significant changes in the transport 
mechanism too. A model which describes the behavior of a stoichiometric sample may fail 
when oxygen nonstoichiometry is created in the system. So we feel that it is not proper to 
presume that the same mechanism which controls the electrical conduction in 
stoichiometric NdNiOr is operative in NdNiOj., too. Rather one should study the behavior 

of NdNiOr, independently. In this chapter we have made an attempt to understand the 
electrical conduction in nonstoichiometric NdNiOs.^ 

4.2 Experimental 


.03, samples were Prepared by the sol-gel method described by Vassiliou « 042] 

Stomhtometnc amounts of NdrOa and NtiNOsir.dHrO were dissolved in nitric acid and 
. no acd was added to this solution so that the ratio of NdtNixitric aetd was M 2 05 The 

2TirrTr' k for 

24 hours. The solution was gently wanned to produce a fluffV cr,.! n- u 

925 fnr 10 In Pfoauce a tiutty gel, which was fired at 

penets :res“r:rdZ~ -- - - 

the sample (see table 4 n Th ^ oxygen contents of 

io-et.. The cstai sL::”::::: 

by x-ray diffi-action A fnn u samples were determined 

e-:, re::: : — - 

a^-...eM.agnefiaat,on“ ~ ^ ^ — er 

=>ome 01 the samples were performed. 


4.3 Results and Discussion 

The x-ray diffraction patterns of the samples show th^nr . u ■ 
were found to have orthorhombic crystal structure The 

" °wn stoichiometries of the' samnl 

sensitively on the sintering atmosphere. The sample si , h 

P intered m oxygen for seven days is 
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found to have the maximum oxygen concentration 
has the minimum oxygen concentration (<5=0.22). 



Figure 4.1: Structure of NdNiOa.^, 
showing NiOe octahedra. Because of 
the orthorhombic distortion the Ni-0- 
Ni bond angles are less than 180®. 


-0.08) while the sample sintered in Nt 

The crystallographic 
unit cell of NdNi 03 can be 
visualized as comer-sharing 
octahedra forming a three 
dimensional perovskite stmct- 
ure (see figure 4.1). At the 
common apex of two adjacent 
octahedra sits an oxygen ion 
making up an Ni-O-Ni bond. A 
rough estimates of Ni-O-Ni 
bond angles is made using the 
method of Hayashi et a/. [10]. 
The Ni-O-Ni bond angles are 
less than 1 80° and they decrease 
as 5 increases, see table(4. 1). 


Table 4.1: Sinterring conditions, < 5 , lattice parameters and Ni-O-Ni bond angles for 
various NdNiOa.^. 


SinteiTing 

atmosphere 

(5 

a (A) 

Lattice 

parameters 

b(A) 

c(A) 

Ni-O-ln bond 

angles* 

6 (deg.) (j) (deg.) 

7d. in O2 

0.08 

5.423 

5.431 

7.556 

157.82 

159.86 

2d. in air+5d. in O2 

0.12 

5.392 

5.430 

7.604 

155.55 

158.47 

4d. in air+ 3d. in 0? 

0.15 

5.390 

5.429 

7.611 

155.49 

157.40 

7d, in air 

0.20 

5.387 

5.428 

7.620 

155.37 

156.36 

7d. in No 

0.22 

5.383 

5.426 

7.628 

155.26 

155.51 


* See endnote with ref[10] for more details. 
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4.3.1 Electrical Resistivity 

The electrical resistivity data of NdNi 03 ,) from 1 .2 to 300 K are shown in llgure 4.2 



Temperature (K) 



for various <5. Thin 
heating. Not all the 


arrows represent 
points are shown 
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At low temperatures all the samples show a negative temperature coefficient of resistivity 
(TCR). Above T == 200K the situation is different for different samples. For 5=0.08 and 
0.12, the resistivity increases almost linearly with .temperature in the temperature range 
200-300K. For 5=0. 15, it remains almost constant while for 5=0.15 and 0.22 it continues 



to decrease with increase in 
temperature. Another interesting 
feature of this system that is most 
unusual is the hysteresis shown by 
some of the samples below = 200K. 
On heating from a low temperature 
upwards the resistivity is higher than 
that observed on cooling by as much 
as 30%. The hysteresis becomes small 
as T goes below 30 K and is negligibly 
small (< 0.1%) for T < 20 K. In figure 
4.3 we have shown the relative 


Figure 4.3 : (a) Relative hysteresis 
[{p\\-pc)lpc] vs. temperature for 
various 5, (b) Max. relative hysteresis 
as a function of 5. When 5 decreases 
relative hysteresis first increases and 
then starts decreasing. Experimental 
data points are shown by solid 
circles. The line shown is a guide to 
the eye. 


hysteresis [(/?heating'/^cooling)//’cooling] for 

various samples. It can be seen from 
this figure, that, the relative hysteresis 
depends strongly on 5 (oxygen 
deficiency). When 5 decreases from 
0.22 relative hysteresis first increases, 
reaches a maximum at 5=0.12 and then 
starts decreasing. 


At low temperatures all the samples show negative TCR and thus appear to be 
insulating. But appearances can be deceptive. A positive TCR definitely means that the 
material is a metal but a negative TCR does not necessarily indicate an insulator (for an 
insulator it is essential that as T^OK the electrical conductivity, cr-»0). Even in the case 


of metals there are several effects which may give a negative TCR. 
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To find out whether the material is metallic or insulating and what are the real 
mechanisms affecting the electrical transport, we fitted our low temperature electrical 
conductivity data to following expressions*: 

Model 1. Activated transport[l 1]; here the conductivity is given by: 

0- = cr„exp[-ro/r] (4.1) 

where cr„ and To are constants. 

Model 2. Variable range hopping (VRH)[1 1,12]; in this case 

1 

a = =exp[-(7;/r)“^^] (4.2) ■ 

where A and To are constants. 

Model 3. Conduction in disordered metallic systems [13]; in this case the low temperature 
electrical conductivity follows the relation: 

cr = (j(0) + 67"' -cr ( 4 , 3 ) 

where cr^ ,b.c,m and n are constants. More details about this expression can be found in 
section 3.4.1 of chapter 3. 


The details of the fits are given in table 4.2. It can be seen from this table that the 
values of/ are quite high for the first two models while it is close to N for the last model. 
So the description of NdNi03.^- as an insulator at low temperature is not true. All the above 
analysis and a nonzero value of suggests that the material is metallic even at low 

temperature. We have shown the raw data and fit to various expressions for one of the 
samples (NdNi02.88) in figure 4.3, The large deviation of the experimental 


In the most of the previous reports authors fitted their data 


to the first two expressions only. 
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Table 4.2; Parameters used in fitting the low temperature (1.2 K< T < 16 K) conductiv- 
ity data of NdNiOs-^ to eqs.(4.1)-(4.3). Number of data points used for fitting, N»200. 


^5 

Equ.4.1 

Equ.4.2 

Equ.4.3 

0.08 

r= 11037 

ff=80(2)S/cm 

To=0.86(l)K 

;t:^=10985 

A=2546(30) S/cm 

To=301(5) K 

r=248 

o(0)=39.2 1(3) s/cm 

b=14.02 (1) S/cm-K'” 
c=0.363((3) S/cm-K" 

m=0.46(l) 

n=1.201(2) 

0.12 

r=36443 

(7=40.6(1) S/cm 

To=0.78(l)K 

X^=29621 

A= 1205(1 3) S/cm 

To=284(4) K 

r=281 

o-(0)=14.61(4) S/cm 

b= 9.27(3) S/cm-K"' 
c=0.092(2) S/cm-K" 

m=0.44(l) 

n=1.399(l) 

0.15 

/=1 05929 

0=25(1) S/cm 

To=1.26 (2)K 

/=55645 

A=973(15)S/cm 

To=474(9) K 

;^-=347 

o(0)=7.56(l)S/cm 

b= 5.97(3)S/cm-K"' 
c= 0.037(1 )S/cm-K" 

m=0.41(l) 

n=1.321(l) 

0.20 

r=163361 

o-=8.09(3) S/cm 

To=2.42(3) K 

/=55987 

A=479(6) S/cm 

To=1018(15)K 

r=303 

o(0)=1.517(2) S/cm 

b= 1.501(6) S/cm-K’" 
c=0.0018(l) S/cm-K" 

m= 0.50(3) 

n= 1.648(9) 

0.22 

/=75625 
o-=7.26(4) S/cm 

To=2.09(3) K 

/=29025 

A=406(5) S/cm 

To= 898(9) K 

r=245 

0(0=1.399(7) S/cm 

b= 1.374(4) S/cm-K"’ 
c= 0.0026(4) S/cm-K" 

m=0.52(l) 

n= 1.750(2) 
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data from the insulating expressions and the good fit to the empirical expression is obvious 
from the figure. The situation becomes more interesting when we notice that the values of 
m are quite similar to those observed in highly disordered metals[ 1 3- ] 5], 



(>-2 K < T < 16 K, conductivity data of NdNiO.. and 
Now we come the hysteretic behav.or of electrical rcsts.ivi.y Hysteresis is 

r ^ ~ - 

" 1 “ «»t •" i. .« - .... .. 

ij z.rirr 

iow temperature msulatmg state. For example in V,0, system a a w n ■ 

a change in lattice symmetry from r ■ “ 3-5 /• change tn volume and 

d.fftac.ion experiment ,71 oll r ^ 

•he ,rans,t,on ts aceompan.ed°rarcrgeT ^ 
expansion Iwhile cooling, m la...oe volume occurs; I Z-ZT ^ 

---“•--hutoccutsoveratemperaturetangeofahL;;^;:^^^^^^^^^^^^^ 
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lattice volume is in sharp contrast with the much larger ones found in the former materials 
and hence is unlikely to cause the observed large hysteresis in resistivity. The origin of 
hysteresis in NdNi 03 samples is probably more complex and hence it needs more 
investigation. 

Although no neutron diffraction 
data is available for the sol-gel 
prepared NdNi 03 .rf samples, in a 
specific heat measurement[18] it has 
been found that the specific heat of 
the sample does not show any sharp 
discontinuity at the transition but 
only a small hump of magnitude = 
2%, spread over « 1 OK; it also shows 

100 150 200 

j(K) hysteresis (see figure 4.5). We know 

that if any sample undergoes a first 

Figure 4.5: Specific heat vs. 

temperature for NdNiOa.^. After Blasco order transition its specific heat 

etal.ll8l 

should blow up at the transition point 
due to latent heat so it is clear that 
if we go by the data of Blasco et fl/.[18], the transition is not of first order and hence the 
observed hysteresis has some other origin. The fact that the specific heat, a thermodynamic 
quantity, itself is hysteretic indicates that the system is not in thermodynamic equilibrium.' 

Now we present a plausible picture that can account for the hysteresis and the low 
temperature behavior of the electrical conductivity. In this picture when the temperature of 
the material decreases, at a transition point, a part of the material becomes insulating. As 
the temperature further decreases the cone, of the insulating phase increases and that of the 
metallic phase decreases. The insulating and metallic phases are thoroughly mixed. We 
observed that during the cooling cycle if the sample is maintained at some temperature the 
resistivity of the sample starts increasing with time (see figure 4.6). This suggests that in 
the intermediate temperature range the metallic phase is metastable and has a tendency to 



” One wonders whether this could be a case of glass transition. 
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go to the insulating side. The 
coexistence of a metallic phase and an 
the insulating phase with temperature 
and history dependent relative 
concentrations is probably the cause of 
hysteresis. The fact that at T OK the 
samples have nonzero electrical 
conductivity implies that the fraction of 
metallic phase is always more than the 
percolation threshold. Also since below 
30K there is almost no hysteresis we 
believe that in this temperature range 
the relative concentrations of metallic 
and insulating phases are temperature 
independent. So at low temperature we 
have a mixture of a metallic phase and an insulating phase, with the concentration of the 
metallic phase more than the percolation threshold. The sample 
behaves effectively as a metal but the insulating phase, which is thoroughly mixed with the 
metallic phase on a microscopic scale, causes sufficient disorder in the metal. But wc point 
out here that the picture has to be substantiated and more work is needed to clear up the 
mystery completely. 


Figure 4.6 : Time dependence of 
resistance for NdNi02.88 when the sample 
was maintained at 81 K during the 
cooling cycle. 
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4.3.2 Thermopower 

Thermopower data of NdNi02.92 in the temperature range 5-300K are shown in figure 4.7. 
The thermopower is small and negative and has a linear thermal variation above = 1 80 K. At 
180 K a shoulder is observed and below this temperature it decreases in magnitude with 
decreasing temperature. Between 50K and 180K, thermopower shows a large thermal 
hysteresis. A finite and linearly varying thermopower again indicates the overall metallic 
behavior of the sample even at low temperature. 



Figure 4.7 Thermopower vs. temperature for NdNiO^gi- 




66 


Electrical transport inNdNiO^ 


4.3.3 Magnetization 


Figure 4.8 shows the magnetic susceptibility of NdNi02,R8 in the temperature range 4.2- 
185K. Inset of this figure shows the variation of magnetization (M) with field (H). Any 
possible interpretation of the temperature dependence of magnetic susceptibility is 
complicated by the fact that J=9/2 ground state of Nd'^" ions undergoes ciystal field 
splitting. Because of this crystal field splitting a Schottky anomaly in the specific heat of 

NdNiO.i is also found. In specific 
heat this anomaly occurs at 



around lOK. This implies that at 
low temperatures it is not safe to 
fit the data to Curie-Weiss law. 
So we confined the temperature 
range of fitting to well above 
1 OK and fitted our magnetic 
susceptibility data from 70K to 
1 85K in the equation: 


Z = ZiO) + 


T+T 


Figure4.8: Magnetic susceptibility =3.279x10^ emu/g c= 

vs. temperature for NdNi02.88. The . t 

inset shows the variation of 4.J62x 10 ‘ emu-K/g and 

magnetization with field at 4.2 K T,= 54 K. Although it is 

found that the best fit 

parameters vary slightly 

Of PauIi parao^agne.™ „f ftee electrons and its value is vety close 

as thatlf UNiorlTpa^H diamagnetism of NdNiOs, is same 

eniu/g[i 9 ] "magnetism of NdNiOz.gg comes out to be 3.551x10'^’ 
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4.4 Conclusion: 

In this study we have observed that even at low temperatures nonstoichiometric NdNi 03 .„ 
behaves as a metal. At low temperatures (where thermal hysteresis is negligibly small) 
electrical conductivity follows a sublinear temperature dependence with a nonzero value of 
extrapolated zero temperature conductivity, cr(0). A nonzero value for c7(0) indicates 
metallicity and a sublinear temperature dependence of low temperature electrical 
conductivity indicates the strongly disordered nature of the system. A small thermopower 
and a nonzero Pauli contribution to the magnetic susceptibility are also indicative of the 
overall metallic nature of the system. Some more features reflecting the disordered metallic 
nature of NdNiOs-^ will be discussed in the next two chapters. 
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Chapter 5 


Electrical transport in Lai.xNdxNiOa-^ 

5.1 Introduction 

In the last two chapters the electrical transport properties of LaNiOa.^ and NdNiOa.^ have 
been presented individually. LaNiOa-^ shows comparatively simple features while the 
behavior of NdNiOa.^ is quite involved. However the low temperature electrical 
conductivity data identify both of these systems to be metallic. It was observed that when 
disorder is created in LaNiOa (by creating oxygen deficiency), the e-e interactions become 
quite significant and start affecting the electrical transport. Disorder can also be introduced 
by the substitution of one or more of the constituents. In this chapter the effect of 
substituting La by Nd in LaNiOs has been studied. 

5.2 Experimental 

All the samples investigated in this work were prepared by the sol-gel method. The powder 
sample was pressed into rectangular pellets and these pellets were sintered in flowing 
oxygen. The oxygen stoichiometries for all the samples were determined by iodometry (see 
table 5.1). The x-ray diffraction patterns were recorded using a Rich-Seifert x-ray 
diffractometer (model: Isodebyeflex 2002) and Ni filtered Cu K„ radiation. A four-probe ac 
(IkHz) technique was employed to measure the electrical resistivity of all the samples in the 
temperature range of 2.5-300 K. The electron tunneling conductance measurements were 
carried out at 1.2 K on tunnel junctions made with Pb counter-electrode. The absolute 
thermopower measurements were done in the temperature range of 5-300 K. The 
magnetoresistance measurements were performed by. a standard four-probe dc method using 
a 4.5 T superconducting magnet. 
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5.3 Results and discussion 

5.3.1 Crystal structure 


X-ray diffraction patterns of Lai.xNdvNiOi ■('0 0<Y<rin\o u 

1 xiNUxiNiua-, (u.u < X < I.O ) are shown in figure 5 1 The 

are qui.e broad, suggesting .ha, the particle si^e 

of the samples is small. Due to this 

broadening, the lines at high angles 

could not be resolved, and this limited 

the measurements to a 2 $ value of 

60°. Examination of the data 

suggested LaNiO, to be cubic with 

lattice parameter a=3.850 A. For 

X > 0.4 some additional peaks (shown 

in figure 5.1), characteristic of 

Orthorhombic distortion, appear and 

the. system can be indexed as an 

Orthorhombic system. Values of 

various lattice parameters are 

summarized in table 5.1. As a result of 

iodometric titration it was observed 

that the sample with x=0.0 is fully 

stoichiometric (<5=o.O) while the 

sample with x= 1.0 is oxygen deficient 

((5 0.08). We found that our samples 
are actually the solid solutions of 
LaNi 03 and NdNi 02 , 92 , i.e. 
(LaNi03),.x(NdNi02.92)x. 



50 40 3^ 

2 6 (degrees) 

Hgure 51: X-ray diffraction 
pattern of La,.xNdxNi 03 , (x=o 0 

0.4, 0.6 and 1 . 0 ). 3-, (x 0 . 0 , 
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Table 5.1: Crystal structure, lattice parameters and oxygen contents for various 
Lai-xNdxNiOa-^ samples. 


5 

Crystal structure 

a (A) 

Lattice parameters 

b(A) 

c(A) 

3-^ 

0.0 

Cubic 

3.850 

- 

- 

3.00 

0.1 

Cubic 

3.846 

- 

- 

3.00 

0.2 

Cubic 

3.842 

- 

- 

2.98 

0.3 

Cubic 

3.836 

- 

- 

2.98 

0.4 

Orthorhombic 

5.432 

5.435 

7.645 

2.97 

0.6 

Orthorhombic 

5.430 

5.435 

7.614 

2.95 

0.8 

Orthorhombic 

5.427 

5.433 

7.583 

2.94 

1.0 

Orthorhombic 

5.423 

5.431 

7.556 

2.92 



Figure 5.2: Three dimensional network of Ni06 
octahedra in (a) LaNiOa and in (b) NdNiOs. 


The crystallographic 
unit cell of these materials can 
be visualized as comer- 
sharing NiOe octahedra 
forming a three dimensional 
network. In the case of cubic 
perovskite (LaNiOs), NiOe 
octahedra are arranged 
regularly at the nodes of a 
simple cubic lattice (figure 
5.2(a)). In this case Ni-O-Ni 
angle is 180°. While in the 
case of orthorhombic 
perovskites (NdNiOs), Ni06 
octahedra are tilted (figure 
5.2(b)) and the Ni-O-Ni 
angles are less than 180° . 
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5.3.2 Electrical Resistivity 

The electrical resistivity data of La,. xNdxNiOj.^ samples from 1.2 K to ? 0 (i K aic shovut 
in figure 5.3. For the x— 0.0 (LaNi 03 ) sample, the variation of electrical rcsisiu itc wiih 
temperature is very similar to that for good metals except for its large magnitude 
Temperature coefficient of resistivity is positive throughout the whole temperature 
range. When La is replaced partially by Nd, the high temperature behavior of the system 
remains unaltered but at low temperature a minimum in electrical resistivity ,s obsen ed 
at T„in. All the samples with x < 0.6 show almost similar features except for the fact that 
as X increases Tn,in moves towards the higher values. On further increasing x, the system 

starts showing a thermal hysteresis m the electrical resistivity. For x-1.0, the hysteresis 
becomes quite significant. 
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As discussed before in chapter 3, the low temperature resistivity minima in 
metals may have following origin (i) Kondo effect[l] (ii) Weak localization and e-e 
interactions[2,3]. Kondo effect is observed in nonmagnetic systems with a slight 
magnetic impurity and the Kondo systems show a giant thermopower, at low 
temperature. No such giant thennopower is observed in any of these samples and hence 
the possibi 1 ity o f Kondo effect i s ruled out. 

To uncover the real mechanism involved in the electrical transport we fitted our 
low temperature (2.5-20 K) conductivity data to an empirical relation of the kind 

(j = (7(0) + hT” -cT\ where cr(0) , h, c, m, and n are constants. More details about this 
expression can be found in section 3.4.1 of chapter 3. The details of fit are given in 
table 5.2. 


Table 5.2 : Fit parameters for the low temperature (2.5 K < T < 20 K) conductivity 
data of Lai.xNdxNi 03 T 5 to empirical relation cr = cr(0) -l- iT" -cT". Number of data 
points used for fitting, N w200. 


X 

(T(0) (S 'em) 

h (S/cm-K"’) 

c (S/cm-K") 

m 

n 


0.0 

1262.07(1) 

- 

0.0377(1) 

- 

1.993(1) 

242 

(). 1 

844.83(9) 

12.87(1) 

0.1111(8) 

0.48(1) 

1.817(5) 

415 

0.2 

559.66(8) 

11.73(6) 

0.08174(6) 

0.51(1) 

1.771(3) 

572 

0.3 

381.62(5) 

13.74(3) 

0.1018(9) 

0.46(1) 

1.611(7) 

290 

0.4 

274,95(9) 

17.58(7) 

0.1918(7) 

0.47(1) 

1.452(2) 

303 

0.6 

206.54(8) 

17.76(9) 

0.1932(4) 

0.45(1) 

1.418(4) 

317 

0.8 

74.11(7) 

17.51(9) 

0.269(1) 

0.47(1) 

1.359(8) 

375 

1.0 

39.22(4) 

14.03(1) 

0.362(4) 

0.46(1) 

1.201(2) 

290 
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For all the samples the data fit quite well to the aho\ c rtlation I he % aluc n! sr, 
lies very close to 1/2, suggesting that the e-e interaction effects arc p!a> ing an iinpiniani 
role in the system. However we want to mention here that .suicc the tempcj.imic 
dependence of weak-localization and e-e interaction effects arc qinie smnlar. it wilJ not 
be proper to conclude from the resistivity data that weak locah/atinn effects aie 
absent. 


5.3.3 Tunneling conductance 


In figure 5.4 we show the differential tunneling conductance ( j(V) { u! \aiunis 

samples at 1 .2 K . 



vertically for clarity Information ah ^ ***‘*^*‘ 

y canty. Information abont the absolute values is given in table 5.,1. 
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For all (he samples an anomaly in the density of states, with a minimum at the Fermi 
energy, is obsen-ed. The tunneling conductance data follow the relation 

V lY-'" 


(7(F) = (7, 


1 4 


\ A / 

systems with dominant e-e interactions[2]. 


as predicted by Altshuler and aronov for disordered metallic 


Table 5.3: Parameters used in fitting the tunneling conductance data of 
Lai.xNd,Ni().^.,^ at 1.2 K to C7(F) = Go[l4(| F 1/A)°'^]. Data in the range 
10 m\ < r < 100 mV were used for fitting. Number of data points used for fitting, 
N«100. 



Go (S) 

A (meV) 


0.0 

0.8473(9) 

649(9) 

173 

0.1 

0.6613(2) 

587(20) 

286 

0.2 

0.4338(7) 

164(4) 

320 

0.4 

0.2634(5) 

97(2) 

248 

0.6 

0.1562(5) 

42(1) 

195 

O.K 

0.0872(9) 

0.5(2) 

471 

1.0 

0.0434(2) 

757(17) 

394 
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5.3.4 Magnetoresistance 


Magnetoresistance data of Lai.xNdxNiO.^.^ samples at T 4 2 K .uc ‘.houn m iijtuif s 5 
The magnetoresistance of these samples is negative ami its magnmidc im ic.isc)' u jih ihc 
field. The inset of figure 5.5 shows the variation of magncloresiMancc \Mtli fempciaturc 
at B=4 T. As the temperature increases the magnitude of magnctoicsistanct' decreases 
for all the samples. 



- 8 n, 4.:K. 

01 magnetoresistance with temperature at T. 


d.sorder!l'ttror'‘tl“^ 

i f- ^^gnetoresistance of all the siinnlos iini!t*r 

investigation is npoattv« tu- samples under 

significan. role i„ d.e sys.®!' P'a.vin, 
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5-3.5 Thermopower 

The thcrniopowcr data of La,.,NdxNi03., samples from 5 K to 300 K are shown in figure 
5.6. Themiopower of the parent compound LaNiOj is negative and varies linearly with 
temperature. When La is replaced by Nd, some interesting changes are observed in the 
thermopovver data. For smaller doping concentrations, the nature of thermopower 
remains almost same {as for LahliOj) except for the fact that now at a characteristic 
temperature To themiopower changes sign from negative to positive and at a lower 
temperature a slight peak in themiopower is observed. Similar kind of behavior was 
observed for LaNiO v,, samples also. For higher concentrations of Nd the behavior of the 
themiopower data becomes quite complicated and it shows appreciable thermal 
hysteresis. 



Figure 5.6 : Thermopower of Lai-xNdxNiOs.^ (x=0.0, 0.2, 0.4, 0.8, 1;®)/*'®™ ^ 
300 K. For x=0.0, 0.2 and 0.4 the y-scale is on the left hand side while for x 0.8 and 

1.0 it is on the right hand side. 
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5.4 Conclusion 

In this chapter we have observed clear signatures of enhanccti clcttron-clcclioii 
interaction and weak localization effects in Lai.^Nd^NiO,!.^ sampiics. Parent compound 
LaNiOs itselfbehaves as a disordered correlated metal. As the Nd is .suhstitutcti in place 
of La the disorder in the system’ increases. Electrical resistivity of f ai ,NiLNi()) 
samples show a minimum at low temperature which successively shirts to higher 
temperature with increasing x. In the low temperature limit the concction to electrical 
conductivity follows a power law behavior with an exponent ^0.5 !■ lection tunneling 
conductance data shows a cusp-like dip in the density of states near the 1 cnni energe. 
Both these features are understood to be the consequence of enhanced electron electron 
interactions in the system. Magnetoresistance of all these sampic.s is negative and its 
magnitude increases with x. A negative magnetoresistance suggests the pos.sihihty of the 
simultaneous presence of weak localization effects in the system. 


' is , sligh, dscase m a.. oxv.„ , ■ . ■ 

to both (il “W" '“'Obion, 01,™ So iho 


disorder in the present system will be due to boX dT^® 

well as oxygen vacancies. ° different scattering potentials 


of l-a'‘ and Nd^ 


as 
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Chapter 6 

Metal-insulator transition in NdNii.xFe 0- 

6.1 Introduction 

In chapter 4 uc found that NdNiO? ,, shows quite unusual characteristics. It beh- 
metal at hiiih temperature as well as at low temperature. At low temperature th, 
appears to he a mixture of two phases, one of which is metallic and the other is in 
Rclatixe concentration of these two phases is found to be strongly depem 
temperature; a non/cro value of extrapolated zero temperature conductivity suggf 
the concentration of the metallic pliasc is always more than the percolation thresho 
also obsciA cii that the metallic phase is mctaslable and has a tendency to go to the ins 
side, llic mi.xcd pha.se nature of the materia! makes any rigorous analysis of the eh 
resistivity data quite difficuU. However some similarities were observed between t! 
temperature behavior of this material and that of disordered metals. 

Substitution of Ni in the lattice of NdNiOj.^ by other transition metal element 
provide some more understanding about the system. In this chapter we have studie 
effect of i*c doping in NdNiOv,,. h'c was chosen because it is the nearest neighbor of 
the periodic faille NdheOt has the same crystallographic structure as NdNiOa and is kr 
to be an antifcmnnagnctie m,sulator[ 1 1. 

6.2 Experimental 

NdNii J-c.O.,, samples were prepared by the sol-gel method described in prevk 
chapters. High puiity Nd;()i, NilNOdj-hH^O and Fe were used as the starting materia 
The I'xyrcn .stoK hioinetix' was determined by iodometric titration. The crystal stmeture 
and lattice parameters of all the samples were determined by x-ray diffraction. The 


'Hus diapicj IS niaiiiK based on the publislunl work of A. Tiwari, K. P. Rajeev, T, K. Nath and A. K. Nigam, 

Siilid Stale ( I HI, 
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Metal-insulator transition in NdNii.xFox Os.^ 

6.1 Introduction 

In chapter 4 we found that NdNiOs-,; shows quite unusual characteristics. It behaves as a 
metal at high temperature as well as at low temperature. At low temperature the system 
appears to be a mixture of two phases, one of which is metallic and the other is insulating. 
Relative concentration of these two phases is found to be strongly dependent on 
temperature; a nonzero value of extrapolated zero temperature conductivity suggests that 
the concentration of the metallic phase is always more than the percolation threshold. It is 
also observed that the metallic phase is metastable and has a tendency to go to the insulating 
side. The mixed phase nature of the material makes any rigorous analysis of the electrical 
resistivity data quite difficult. However some similarities were observed between the low- 
temperature behavior of this material and that of disordered metals. 

Substitution of Ni in the lattice of NdNi03.^ by other transition metal elements may 
provide some more understanding about the system. In this chapter; we have studied the 
effect of'Fe doping in NdNi03.^. Fe was chosen because it is the nearest neighbor of Ni in 
the periodic table. NdFe03 has the same crystallographic structure as NdNi03 and is known 
to be an antiferromagnetic insulator[l]. 

6.2 Experimental 

NdNi1.xFexO3.rf samples were prepared by the sol-gel method described in previous 
chapters. High purity Nd203, Ni(N03)2.6H20 and Fe were used as the starting materials. 
The oxygen stoichiometry was determined by iodometric titration. The crystal structures 
and lattice parameters of all the samples were determined by x-ray diffraction. The 


This chapter is mainly based on the published work of A. Tiwari, K. P. Rajeev, T K. Nath and Nigam, 
Solid State Communications 110, 109 (1999). 
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electrical resistivity measurements were done by a low frequency ac technique The 
absolute themioelectric power measurements were performed in the temperature range of 5 ^ 
300 K using a homemade theimopower apparatus. The tunneling measurements were 
earned ou, on tumrel junctions fonned by pressing a small Pb (counter-electrode) ball 
agatnsl the sample. The magnetoresistance measurements were done by a standard four 
probe dc method using a 45 kG superconducting magnet. 


6.3 Results 


^e x-ray difhaction pattern of all the samples show single phase systems and the crystal 

MN-r)"' r hi with x=0.0 (i e 

NdNiOi.,) IS highly oxygen deficient wi4 d=o.08. As the value of x increases the oxygen 

deficiency (^) decreases slightly, see table 6.1. 


Table 6.1; Lattice parameters and 


oxygen contents for 

NdNii.xFex 03 .^ samples. 

various 

X 

Lattice 

parameters 

3^ 


a (A) 

b{k) C(A)) 


0.0 

5.423 

5-431 7.556 

2.92 

0.1 

5.436 

5.452 7.540 

2.93 

0.2 

5.441 

5-473 7.546 

2.94 

0.3 

5.449 

5-482 7.554 

2.95 

0.4 

5.452 

5-492 7.563 

2.95 


The electrical resistivity data of 
NdNii.,<Fex 03 .^. are shown in figure 6.1. 
For NdNiOa.^ the temperature range of 
measurement was 1.2-300 K and for the 
samples with x=0.1, 0.2 and 0.3 the 
resistivity was measured between 2.5 K 
and 300 K. For x=0.4 the electrical 
resistivity of the sample was so high that 
It was not possible to measure it below 
130 K using our equipment. 

The resistivity of the undoped 
sample (NdNi 03 .,) has already been 


ucibcnoea in previous chapters. The most 


a, absolute zero of temperature, the resistivity apZIrar" 

Ni is replaced by Fe the material bee ° 1 0 % of 

resistivity disappears completely. For r^Xtag"!! ^ X ” 

tesishve and shows negative temperarnre coefticient of re^sti^r^oX;: 
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The thermopower data of NdNi 1 .xFexO 3 .rf samples are shown in figure 6 . 2 . The 
thermopower of the undoped sample (NdNi 03 .rf) is small, negative and shows a shoulder at 
around 180 K. Another interesting feature of this data is the large thermal hysteresis 
between 50 K and 200 K. When 10 % of Ni is replaced by Fe, the shoulder shifts to a much 
lower temperature (T= 50 K) and also the thermal hysteresis disappears. For x=0.2, the 
shoulder again shifts to a higher temperature. For x=0.3, the behavior remains more or less 
the same. For x=0.4, a complete change in the behavior of thermopower is observed; it 
blows up at lower temperature, a behavior characteristic of insulators with a bandgap[ 2 ]. 
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In figure 6.3 we have shown the differential tunneling conductance G(V) (=dI/dV) 
of all the samples at 1 .2 K except x=0.4 which becomes highly resistive at 1 .2 K. 



Fig. 6.3: Tunneling conductance vs. bias voltage for NdNii.xFex 03 .^ at 1.2K. The data 
were normalized to unity at 100 mV and relatively shifted for clarity. 
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Magnetoresistance vs. applied field (B) curves for NdNii.xFex 03 -,) samples at 4.2 K 
are shown in figure 6.4. The magnetoresistance of all these samples is negative and its 
magnitude increases with the field. The inset of this figure shows the variation of 
magnetoresistance with temperature at 40 kG. As the temperature increases the magnitude 
of the magnetoresistance decreases for all the samples. 



B f”-- NdNi,,Fe,0,^ at 4.2K. The iaset 
Shows the variation of magnetoresistance with temperature at B=40 kG. 




Chapter 6 


89 


6.4 Discussion 

6.4.1 Electrical resistivity 

As in chapter 4 the low temperature electrical resistivity data of NdNii.xFexOa.^ (x=0.0-0.3) 
was fitted to eqs.(4.1)-(4.3) i.e. the expressions for the activated conduction, variable range 
hopping conduction and the conduction in disordered metals. The details of the fit are given 
in table 6.2. 

Table 6.2: Parameters used in fitting the low temperature conductivity data of 
NdNii-xFexOa^ to eqs.(4.1)-(4.3. Number of data points used for fitting, N«200. 


eq. (4.1) 

(activated conduc.) 

eq. (4.2) 

(VRH conduc.) 

eq.(4.3) 

(Disordered metal) 

Temp. 

range 

/= 11037 
cr„=80(2) S/cm 

To=0.86(l)K 

;f^=10985 

A=2546(30) S/cm 

To=301(5) K 

;t^=248 

o-(0)=39.21(3) S/cm 

b=14.02(l) S/cm-K"’ 
c=0.363(3) S/cm-K" 

m =0.46(1); n =1.201(2) 

1.2-16 K 

/=6426 

or„=165.7(6) S/cm 

To=0.48(3) K 

/=17589 
A=4486(114) S/cm 

To=228(10) K 

/=315 

(r(0)= 144.84(8) S/cm 
b=l. 088(3) S/cm-K"" 
c=0.0087(2) S/cm-K" 

wi =1.01(2); n=1.73(l) 

2.5-20 K 

r=2700 

a„=29.5(2) S/cm 

To=1.42(5)K 

/=2684 

A=1 135(29) S/cm 

To=480(16) K 

/=286 

o-(0)=21. 05(2) S/cm 
b=0.263(3) S/cm-K"’ 
c= 0.0016(4) S/cm-K" 

/w=1.173(6);n=l. 336(9) 

2.5-20 K 

;C-=16605 

<t„= 15.9(2) S/cm 

To=18.0(l) K 

X^=284 

A=68890(506) S/cm 

To=70282(238) K 

/=50108 

a(0)=-5.62(9) S/cm 
b=2.59(7) S/cm-K"* 
c=-0.106(l)xl0‘'° S/cm-K” 
/n =0.51(4); n =8.4(8) 

2.5-20 K 
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Samples with x < 0.2 follow eq.(4.3) with 0(0) > 0 showing overall metallic behavior. The 
x=0.3 sample follows eq.(4.2) i.e. the VRH conduction. Owing to the nonavailability of low 
temperature data we could not perform a similar analysis for x=0.4; however the high 
temperature data (130 K < T < 300 K) fit best to eq.(4.1) i.e. the expression for activated 
conduction. So as a result of the above analysis we come to the conclusion that the samples 
with X < 0.2 are metallic, while those with higher values of x are insulating. The behavior of 
x=0.1 sample is quite contrary to what one would expect. In the frame of rigid band model, 
the substitution ofNi by Fe would reduce the carrier density and consequently should cause 
an increase in the resistivity of the system. From another point of view, following the ionic 
model of Torrance et.al.[3], substitution of Ni by Fe would open the charge transfer gap 
making the doped material more insulating. But contrary to both these predictions the 
resistivity of x=0.1 sample is less than that of the undoped sample. This suggests that the 
transport mechanism of the system is quite involved. For x < 0.2 samples the temperature 
dependence of electrical conductivity is quite similar to that of highly disordered metals. As 
mentioned before in disordered metallic systems the phenomena of e-e interactions and 
weak localization may be present[4,5]. In chapters 4 and 5 we got some indications of 
enhanced e-e interactions in NdNiOa.^- via the low temperature electrical conductivity and 
electron tunneling conductance data. The anomalous behavior of the system with x=0.1 
suggests that some kind of localization tendency may also be present in the system which 
gets suppressed due to the spin flip scattering of electrons from Fe^"^ centers. 

6.4.2 Thermopower 

The thermopower of all the samples with x < 0.2 is small, negative and varies almost 
linearly with temperature, a characteristic of metallic samples. The sample with x=0.3 also 
displays a more or less linearly temperature dependent thermopower. This is in agreement 
with the conduction mechanism (VRH) ascribed to this material from the behavior of the 
resistivity [2]. For x— 0.4 the thermopower is large and shows a divergent behavior at low 

temperatures, a characteristic of insulating samples with an activated conduction 
mechanism[2]. 
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6.4.3 Tunneling Conductance 


As mentioned before the tunneling conductance G(V) is a direct measure of the electronic 
density of states N(E) at energy E^q^V from the Fermi energy. For all the samples with x < 
0.2 an anomaly in the density of states, with a minimum at the Fermi energy, has been 
observed. Furthermore the tunneling conductance obeys the relation 


G(F) = G(0) 



fiFh 

/I 

1 + 




V A > 



with n « 0.6-0.8; this expression is quite similar to that predicted 


by Altshuler and Aronov[5] for correlated disordered metals except for the observed higher 
values of n*. A sublinear energy dependence (n < 1) of the tunneling conductance data puts 


these samples (x < 0.2) into the category of highly disordered metals. For x = 0.3, the 
tunneling conductance is very small and has a parabolic energy dependence, indicative of 
the insulating nature of the material . 


Table 6.3 : Parameters used in fitting the tunneling conductance data of NdNii-^FexOa.^ 
(x < 0.2) to G(F) = Go[l + (I F l/A)"]. Data in the range 10 mV < F< 100 mV were used 
for fitting. Number of data points used for fitting, N«100. 


X 

Go (S) 

A (meV) 

n 

1 

X' 

0.0 

0.0451 

681(9) 

0.61(2) 

176 

0.1 

0.0851 

17.89 

0.67(3) 

211 

0.2 

0.0204 

34.35 

0.74(4) 

165 


' The value of n, predicted by Altshuler and Aronov[5], is 0.5. These predictions are based on a perturbative 
approach, valid in the weakly disordered metallic regime. In the case of highly disordered metals the 
perturbative analysis may not be valid. There is no theory which describes the e-e interactions in the entire 
regime (weakly disordered metal, highly disordered critical regime and insulating regime). However recent 
experimental results[6] have shown that as the disorder in the system increases the square root dip in the 
density of states near the Fermi energy deepens and changes to a linear form for highly disordered systems in 
the critical regime and becomes a quadratic gap jilst on the insulating site. 
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6.4.4 Magnetoresistance 

The magnetoresistance of all the samples including NdNiOs-,- is negative. This presumably 
suggests that the magnetic field counteracts the disorder driven localization tendency of the 
electrons. The partial suppression of the localization tendency by the spin flip scattering of 
electrons from Fe^" centers may possibly be the cause of the unexpectedly lower electrical 
resistivity of the x=0.1 sample compared to that of the x=0.0 sample. 


6.5 Conclusion 

In this chapter we have found that all the NdNi,.,Fe, 03 ., samples with x i 0.2 behave as 
disordered metals. However, the energy dependence of the density of states near the Fermi 
energy indicates that ail these samples lie very close to the insulating side of an M-I 
transition. Enhanced e-e interaction and weak localization effects seem to play a significant 
role in determining the electronic properties of the system. Any further increase of Fe 
concentration pushes the system to the insulating side. 
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Chapter 7 
Manganates 

Recently giant magnetoresistance (GMR) in various perovskite manganates Lai.^A^MnOj 
(A; Ca, Sr, Ba), has gained a lot of scientific attention[l-3]. The typical composition where 
this effect is most prominent is x=0.3. This compound shows a ferromagnetic-paramagnetic 
transition at Tc and a resistivity peak at Tp, Tc « Tp. Conventionally, the electrical and 
magnetic properties of these manganates are explained by the “double exchange” model 
(DEM)[4] in which the Hund’s coupling is considered to be the most important factor. But 
recently it has been found[5] that, although the DE model explains the behavior of the 
system qualitatively, it fails to give a quantitative account of the phenomenon (see sections 
1.6-1 .7 of chapter 1 for more details). 

Another peculiar feature of these oxides, not yet addressed widely, is the behavior of 
electrical resistivity in the metallic state. Even at T well below Tc, the values of p are larger 
than or comparable to the estimated Mott’s maximum resistivity for the system. Assuming 
that all holes introduced by the dopant (A) are mobile carriers, with the dopant 
concentration x=0.3 and molar volume V « 36 cm^, these materials have the charge carrier 
density of » 0.5x10^^ carriers/cm^ which is comparable to that of metals. For typical 
metallic carrier densities the low conductivity implies a low diffusivity for the carriers. 
Under such conditions the onset of strong electronic interactions is expected. In an 
interesting work Lofland et a/. [6] studied the electrical resistivity of La 2 / 3 Bai/ 3 Mn 03 thin 

films and found it to follow the relation p{T) = .4, - B^T + for T < 100 K. A negative 
contribution to low temperature electrical resistivity is quite interesting and similar to that 
observed in several disordered metallic systems. However, in that report, because of the 
lack of the precision of data, authors could not do a detailed quantitative analysis and left it 
for future studies. 


This chapter is mainly based on following papers: (i) A. Tiwari and K. P. Rajeev, Solid State Communications 
111, 33 (1999) {in press} (ii)A.Tiwari and K. P. Rajeev, Phys. Rev. B (accepted for publication) and (ni) A. 

Tiwari and K.P. Rajeev, Journal of Applied Physics (accepted for publication). 
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Here in the first half of this chapter we ha\’e done a careful stud\' of the low 
temperature electrical resistivity and electron tunneling conductance of Lao -A,* jMnO? .The 
second half of this chapter presents a study of the effect of partial replacement of Mn by Fe 
in Lao, 7 Sro.;,Mn 03 . 


A. Low temperature electrical transport in Lao.yAo.aMnOj 
(A: Ca, Sr, Ba) 

7A.1 Experimental 

Samples were prepared by the conventional solid state method. Appropriate amounts of 
La 203 , CaCOs, SrCOs, BaCOs and Mn02 were heated at 1250 K for 24 hours. The reacted 
powder, obtained after heating, was pelletized and heated to 1250 K for 48 hours. The 
resulting pellet was ground, repelletized and heated at 1300 K for 24 hours in flowing 
oxygen. The phase purity was checked by x-ray diffraction using a Rich-Seifert x-ray 
diffractometer. The Tc values were determined by using a Faraday balance and by an ac 
pickup coil method. A four probe ac (IkHz) technique was employed to measure the 
electrical resistivity of the samples in the temperature range 2.5-370 K. The tunneling 
measurements were carried out on tunnel junctions made with a Pb counter-electrode. 

7A.2 Results and discussion 

The x-ray diffraction pattern of the samples show single phase systems. All the samples 
crystallize in cubic phase. They show ferromagnetic to paramagnetic transition closely 
accompanied by a metal-insulator transition. Values of Tc are given in table 7.1. 

7A.2.1 Electrical resistivity 

Figure 7. 1 shows the electrical resistivity of various samples between 2.5 K and 370 K. At 
the metal-insulator transition temperature Tp (w Tc) these samples show a peak in the 
electneal resistivity. Below Tp the samples are metallic. The resistivity of the metallic phase 
has a close relation with the magnetic properties of the system. As the resistivity of the 
system increases the ferromagnetic-paramagnetic transition temperature Tc goes down. The 
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inset of figure 7. 1 shows the low temperature (T < 50 K) electrical resistivity of these 
samples on an enlarged scale. For all the samples a slight upturn in electrical resistivity 
below s; 30 K is observed. 



Figure 7.1 : Temperature dependence of the electrical resistivity of Lao.TAojsMnOj (A: 
Ca, Sr, Ba). The inset shows the electrical resistivity of the samples below 50 K on an 

expanded scale. 
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Table 7.1 : Parameters used in fitting the conductivity data of Lao vAnjMnOj (A- Ca 
Sr, Ba) to eq.(7.1) between 2.5 K and 15 K and to cq.(7.2) between 2.5 K and 100 k" 
Number of data points (N) used for fitting were -300 in (he first range and - 1000 iii 
the second range. 


A 

Tc(K) 

cj{T) 

= CT, + m^4f 

ct(T) 

= or,, + A 

'' -aT” 





(S/cm) 

r 

(S/cm-K''-) 

(S/cm) 

iS/cni- K * A 

a 

(S cm-K'') 


Sr 

360 

74.102(3) 

1.540(1) 451 

72.912(5) 

2.076(91 

0.0065(3} 

i. 8 15(9) 1473 

Ba 

333 

41.749(8) 

1.168(6) 335 

40.651(9) 

1.7.34(4) 

0.0143(4) 

1.564(8) 1130 

Ca 

258 

22.458(9) 

0.648(7) 440 

21. .76(1) 

0.988(9) 

0.0069{6) 

1.670(8) 1375 


As discussed before several times in this thesis, in metallic systems a low 
temperature resistivity minimum may arise from (1) Kondo effect (2) Weak 
localization[7,8] (3) enlianced e-e interactions[7,8]. Since all the samples under 
consideration are ferromagnetic the possibility of Kondo effect is ruled out. Weak 
localization and e-e interaction effects are seen in disordered metallic systems. Weak 
localization effect anses due to the interference of partial electron waves. In ferromagnetic 
metals the strong spontaneous magnetic field destroys the phase coherence of electron 
waves and hence weak localization will be weak indeed; the possibility of weak localization 
determining the temperature dependence of resistivity in the present system is hence ruled 

out. Because of enhanced electron-electron interactions, the electrical conductivity of the 
metals, at low temperature, goes as [7,8] 

<y{T) = a{(i) + m„4f (7 1 ) 

where is a constant given by eq.(1.4) of chapter 1 . 

To check the possibility of e-e interactions we fitted the low temperature (T < 1 5 K) 
tivity data to eq.(7.1). For all the samples, data fit reasonably well to this equation. 
D«a.ls of the fitting parameters along w.,h the values of ^ are given in table 7. 1 . Values of 
close to N indicate the excellent quality of fits. 

hat the low temperature resistivity data have been found to fit very well to the 
expression of resistivity of a disordered metal with strong e-e interactions, we should 
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examine whether the fit parameters make sense. The m^is related to D by eq.(1.4). This 

equation involves ; we do not have any means of exact determination of this number but 
a gross estimate can be made under the Thomas-Fermi approximation[9,10]. Under this 

approximation the value of comes out to be F^ « 0.808[10]. Using this value of F^ in 
eq.(1.4) the values of D for these samples are found to fall in the range (2.5-14.5x10 " 
cm^/s). If we compare these values with the corresponding value for Cu (« 2. lx 10^ cm^/s ) 
we find that our samples have about 3-4 orders of magnitude less diffusivity than pure 
metals like copper. Also these values of D are very much similar to those found for highly 
correlated metals like[ll] YBa 2 Cu 307 -^ (D«4.4 x 10'' cmVs) and [12] LaNi 03 (D « 10'^ 
cm^/s). Using the values of o-q and D in the Einstein formula[7,8] cr^ = e-N{Ep)D , the 
values of N(Ef) are found to lie in the range (0.03-0.67x10^'* eV’mole"'). These values are 
in fairly good agreement with the reported[13] values of N(Ef)»1x 10^'' eV'mole’’, keeping 
in mind the various approximations involved in the process. 

In the above analysis of resistivity data we have ignored the contributions coming 
from the inelastic scattering of electrons. At higher temperatures in addition to e-e 
interactions, the usual inelastic contributions also become significant. The contribution due 
to the inelastic scatterting of electrons can be taken into account by adding a term -aT’’ in 
the electrical conductivity expression. So the expresion for the electrical conductivity can 
be written as; 

a{T) = (Jq + m^yfr - aT'’ (7.2) 

Resistivity data of all the samples in the temperature range 2.5 K < T < 100 K fit very well 
to the above equation. Details of the fit are given in table 7.1. Here we have restricted the 
upper temperature limit of analysis to 100 K (well below Tc) because near Tc polaronic 
effects become significant. It can be seen from this table that there is no substantial 
difference in the values of cXq and obtained by fitting the data to eq.(7.1) and eq.(7.2). 
So the values of various physical quantities obtained by using the fit parameters to these 
equations will be almost same and hence most of our conclusions remain unaffected.. 

To summarize, the electrical resistivity of the system shows the clear signature of 
strong e-e interactions. As a matter of fact a similar kind of low temperature upturn in 
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electrical resistivity has been observed previously by some other groups alsofO 14] but 
those authors have not done any analysis to find the cause of this upturn. Lotland et al [6] 
made some initial efforts to understand the cause of this upturn but due to the lack of 
precision in their data they could not make much progress and left this work for future 
studies. 


7A.2.2 Electron tunneling conductance 


Electron-electron interactions are known to cause significant corrections to the density of 
states. It has been shown previousIy[7.8] that e-e interactions cause a cusp in the density of 
states near the Fermi energy. If e-e interaetions are really affecting the electrical resistivity 
of L%,,Ao jMnOr then they should affect the density of slates also. So we felt that an 
investigation of the density of states near the Fenni energy would be quite infomtalive in 
understanding the strongly interacting nature of charge carriers. 

Tunneling conductance G(V)~dI/dV of a metal-insulator-metal tunnel junction is a 
direct measure of the single particle density of states of the metal [15] at energy E=q,V 

from the Fenni energy i.e. GiV). N(E. E,). To invest.gate the density of states If 
La«, 7 Ao. 3 Mn 03 near the Fenni energy we perfonned electron tunneling experiments on 
U..,A,.3Mn03-Insulator-Pb(supereonduetor) tunnel junctions. Figure 7.2 shows the 
tunneling conductance data for these samples in the range 10 mV < | V| < 1 00 V, We have 
nom^lized the data to unity at 100 mV and have shifted them vertically for clarity. In all 
t e three cases a well deftned superconductivity gap is observed. Inset of figure 7.2 shows 
t e tunneling data of LaojSro jMnOs in the range |V| < lOmV; the superconductivity gap is 
c ear y seen. Tunneling conduotanee data of all the samples show a dip at low bias voltages, 
indicating a reduction in the density of states at the Fermi energy 
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-150 -100 -50 0 50 100 150 


V(mV) 

Figure 7.2: Tunneling conductance vs. bias voltage for LaojAojMnOa (A: Ca, Sr, Ba) 
at 1.2 K. The data have been normalized to unity at lOOmV and shifted vertically for 
clarity. Information about the absolute values is given in table 7.2. The inset shows the 
superconductivity gap of Pb as seen in the low bias (1V| < 10 mV) tunneling 
conductance data of Lao. 7 Sro. 3 Mn 03 . 


Table 7.2: Parameters used in fitting the tunneling conductance data of 


Lao. 7 Ao. 3 Mn 03 (A: Ca, Sr, Ba) at 1.2 K to G{V) = 




n 

1 + 




V A y 



. Data in the range 


10 mV < F < 100 mV were used for fitting. Number of data points used for fitting, N 

100 . 


A 

C„(S) 

A(ineV) 

n 

zL 

Sr 

0.0224(2) 

401(17) ■ 

0.80(4) 

193 

Ba 

0.0131(4) 

162(4) 

0.86(5) 

175 

Ca 

0.0033(1) 

151(3) 

0.93(4) 

156 
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The tunneling conductance data of all the samples is found to follow the relation 


G{V) = G, 1 


+ 


A J 


with n * 0.8-0. 9 (see Table 7.2). This relation is quite similar to 


that predicted by Altshuler and Aronov[8] for correlated disordered metals except for the 
observed higher values of n. The value of n predicted by them, is 0.5. These predictions are 
based on a perturbative approach, valid in the weakly disordered metallic regime. In the 
case of highly disordered metals the perturbative analysis may not be valid. There is no 
theoiy[16] which describes the e-e interactions in the entire regime (weakly disordered 
metal, highly disordered critical regime and insulating regime). However recent 
experimental results[17] have shown that as the disorder in the metallic system increases 
the square root dip in the density of states near the Femii energy deepens and changes to a 
linear form for highly disordered systems in the critical regime and becomes a quadratic gap 
just on the insulating side. Therefore the values of n close to unity puls these manganates 
into the class of highly disordered metals[26]. 
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B. Metal-Insulator transition in 


7B.1 Introduction 

In past a lot of work have been done to understand the nature of GMR materials. Most of 
these studies were done by replacing La by other rare earth elements. There are very few 
studies where doping is done on the Mn site[l8-20]. We feel that the partial replacement of 
Mn, which plays a key role in the conduction process, by other transition metals may give 
important information about the nature of this system. For this purpose we doped Fe in 
Lao. 7 Sro. 3 Mn 03 and performed precise measurements of electrical resistivity and electron 
tunneling conductance measurements. Fe was chosen as the dopant because Mn^"^ and Fe^”" 
have identical ionic sizes[20,21] and hence the crystal stmcture of the material remains 
unaltered . 

7B.2 Results and discussion 

Electrical resistivity data of Lao. 7 Sro, 3 Mni.xFex 03 samples with 0.0 < x < 0.25 are shown in 
figure 7.3. The data of the undoped sample (x=0) has already been discussed in the first part 
of this chapter. For this sample p first increases with decrease in temperature, exhibits a 
peak at T=Tp {~ Tc) and then decreases as T is further reduced below Tp. As the Fe is doped 
into the system the resistivity increases and Tp falls (see table 7.2). For x < 0.2 all the 
samples show a peak in p, characteristic of an M-I transition, and samples are metallic at 
lower temperatures. For x=0.25, material shows insulating behavior throughout the whole 
temperature range. 
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The behavior of the system can be 
explained by considering the electronic 
band structure of the material. The 
configuration of d-electrons in 
transition metal oxides is determined by 
the internal crystal fields. In an 
octahedral field, the d-levels split into 
t 2 gt, egt, t 2 g 4 „ and Ogi as sho-wn in figure 
7.4(a). In solids these energy levels 
form bands. The electronic 

configuration for Mn^^ is t 2 g.j.eg| and 
for Mn'^^ it is tj^* . In Lao.TSrojMnOs, 

-o ‘ 

Mn exists both as Mn^'*' as well as 
So t 2 gt band is full and Cgt band is less 
than half filled. The schematic band 
structure of Lao. 7 Sro, 3 Mn 03 can be 
represented as in figure 7.4(b). The egt 
band of Mn is electronically active, 
where electron hopping occurs between 
Mn‘^^ and Mn'^'^. Separation between tigt 
and Cgt has been estimated[22]to be 
5=1.5 eV. The Fermi level lies «3.0 eV 
above the top of the 2p oxygen 
band[22]. 



Figure 7.4 : (a) Octahedral field splitting 
of d levels (b) schematic band structure 
of LaojSrojMnOs (c) band structure of 
Fe and Mn in Lao. 7 Sro. 3 Mni.xFex 03 . 
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Jonker et a/.[18] have studied the electrical conductivity of an Fe doped manganate. 
Lao.85Bao.i5Mn,.xFe,03 and showed that for 0 < x < 0.85 the system has Fe'^ , Mn and .MiF' 
ions and for 0.85 < x < 1.00 the system has Fe'^\ Fe'*'* and ions. The electronic 

configuration for Fe^^ is t',„^ej^ and for Fe"" it is . Simultaneous existence of Fe"’. 

Mn^" and Mn"" indicate that Fe egt band is full and Mn Cgt band is less than half filled. While 
the existence of Fe^", Fe"" and Mn"" implies a more than half filled Fe Cgt band and an empty 
Mn Cot band. The Fe egtband remains fully filled only if the Mn e^t band has charge carriers. 
This implies that the Mn Cgt band should be at the same level as, or higher than the, top of 
the Fe egt band. Recently Ahn et al.[\9], using the results of Banks and Tashima[20], found 
that there is a slight overlap (less than 3 %) between the Cgt bands of Fe and Mn in 
Lai-xCaxMni.yFcyOs (x=0.37 and 0.53, y < 0.20). 

The nominal stoichiometry of our samples is 0, . The t^g'^ 

band of Fe and Mn and egt band of Fe are totally filled. There are (0.7-x) electrons in Mn Cgt 
band which has a capacity of two electrons, hence (0.7-x)/2 part of the Mn Cgt is also filled. 
The width of Mn egt is about leV. So (assuming uniform filling of band ) the highest filled 
state in Mn egt (Fermi level) will be at « [(0.7-x)/2]eV above the top of the Fe Cgt band. In 
our system x lies between 0 and 0.25, so the Fermi level will be about « 0.3 eV above the top 
of the Fe Cgt band. In an earlier report[23] it has been shown that in LaFcO.i, Fe t 2 gt band lies 
about 2 eV above the top of the Fe egt band. Assuming same situation in our case, the Fe Ijg • 
band will lie « 1.7 eV above the Fermi level(see figure 7.4(c)). It is clear from this energy 
diagram that there are no states on Fe^" which can participate in electron hopping from Mn. 
So the doping of Fe results in . a depletion in the number of hopping electrons and available 
hopping sites and hence weakens the double exchange interaction. 

Although above simple band structure considerations give a qualitative account of the 
electrical conduction in the system, there are some issues which need further consideration. It 
is to be noted that although for low Fe dopings (x < 0.2) the material is metallic (as far as the 
temperature coefficient of resistivity, TCR, is concerned) the magnitude of resistivity (p) is 
very high. These p values are larger than the Mott's maximum metallic resistivity for the 
system, which is of the order of 1-10 mO-cm. If we assume that each Mn"" ion provides one 
hole, then with a molar volume V « 36 cm\ charge carrier density is 10^^ /cm^ For this 
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typical metallic carrier density a low conductivity value implies a low diffusivity tor the 
carriers. Under such conditions charge carriers are expected to be strongly correlated 
Furthennore, the electrical resistivity of these samples show an upturn at low temperatures, a 
characteristic of disordered metallic systems with strong electronic interactions. In strongly 
interacting systems the density of states at the Fermi level gets modified. So wc feel that an 
investigation of the density of states near the Fermi level will be quite informative in 
understanding the nature of this system. 



Figure 7.5: Tunneling conductance G(V) vs. bias voltage for Lao. 7 Sro. 3 Mni.,vFex 03 (x < 
0.25) at 1.2K. The data have been normalized to unity at 100 mV and shifted vertically 
for clarity. Information about the absolute values are given in table 7.3. Inset shows the 
superconductivity gap of Pb as seen in the low bias ( 1V| < lOmV ) tunneling 
conductance data of Lao, 7 Sro. 3 Mn 03 . 
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Table 7.3 : Tp and the fit parameters for the tunneling conductance data of 
La,.,Sr.jMn,..Fe,0, (x < 0.20) a. 1.2 K to G{V) = C.fl + ] , Data in the ransc 10 

mV < h'< 100 mV were used for fitting. Number of data point.s used for fitting. N = loo 


X 

Tp(K) ■ 

Go(S) 

A (nieV) 

n 


0.00 

365 

0.0224(2) 

401(17) 

0.80(4) 

194 

O.IO 

210 

0.0161(4) 

127(3) 

0,S.^(3) 

279 

0.15 

140 

0.0133(1) 

161(4) 

O..S.‘t(4) 

507 

0.20 

95 

0.0045(1) 

152(3) 

0-94(4) 

346 


To investigate the density of states of Lao.,Sr„ .,Mn,..Fe.O. near the Fenni energy we 

have perfotmed electron tunneling experiments on La„,Sr„,Mn,.,Fc.O.-lnsuiator- 

Pb(superconductor) tunnel junctions. Figure 7.5 shows the 0(V) vs. V for all the samples in 

the range 10 mV < |V| < 100 mV. We have nonnalixed the tunneling conductance data of all 

the samples to unity at lOOmV and vertically shified them for clarity. In ail the eases a well 

defined superconductivity gap is observed. Inset of figure 7.5 shows the typical tunneling 

data of La„Sr„, 3 Mn 03 in the range |V| < 10 mV. a superconductivity gap can easily hi 
recognized. 

All the metallic samples (x < 0.2) show a dip in the density of states near the Fenni 
energy. As the value of x mcreases the dip deepens. The tunneling conductance data of 

X . 0.2 samples follow the relation <7(F) = with n » O.SO-O.Od (see table 

d'iso d™7‘““t“'" 

disordered metals. Furthermore thp ^ 

imolvinche- ■ w 'he value of n also increases 

Pel lev Tr'l ■" ^ - 'he 

mples. t ts to be noted .ha, in x=«.25 sample M„ exists both as Mm'* as well as Mu'* so 
even m this sample sufficient number of honm‘ i 

available. We believe tirat the observed metaZirrZ'"^ 

consequence of th. h' ri . ■ transition m the system is the 

consequence ot the disorder driven locfllioratiAv, e , 

transition). ° ^ carriers (i.e. Mott-Anderson 
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The source of disorder 

The disorder in the system is expected to arise mainly because of the random potential 
fluctuations seen by the conduction electrons due to different electronegativities of La'^" and 
A‘’^[13]. Also recent pulsed neutron diffraction experiments [24] have shown that the local 
atomic structure of Laj.ySryMnOa is significantly different from the long range structure. 
Although the overall crystal structure suggests that JT distortion is absent for y > 0.16, the 
pair distribution function analysis of neutron diffraction data shows that locally JT distortions 
are always present[25]. Doped charge carriers introduce local anti-JT distortions and disrupt 
the long range JT distortion. In the paramagnetic phase (T>Tc), the anti-JT distortions 
localize the conduction band electrons as polarons. At low temperatures (T < Tc) the charge 
carriers are delocalized, but local lattice distortions are still present. These local lattice 
distortions may also contribute to the strongly disordered nature of the low temperature 
metallic phase. Any substitution of Mn by other elements is likely to enhance the disorder in 
the system. 
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Where F depends on the screening length and 
other details of the static screened potential between the electrons. Under Thomas-Fermi 
approximation it can be expressed as: F’ = (1 + 7)in(i + Y) where Y = 


e^N{E,) 


. Under free 
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Chapter 8 
Conclusions 


The main objective of this thesis was to study the effect of disorder on the electrical 
transport properties of transition metal perovskite oxides. We studied two different families 
of transition metal perovskite oxides, namely, nickelates and manganates. In this chapter we 
summarize some of the important findings of the present work. 


Nickelates 


The very first system investigated in this thesis is LaNiOa.^- (0.0 < S < 0.14). 
Stoichiometric LaNiOs shows a positive temperature coefficient of resistivity throughout 
the whole temperature range, a characteristic of metals. However the residual resistivity of 
this sample is quite high («1 mQ-cm). Assuming that each Ni atom provides one 
conduction electron, this material has an electron density of « 10^^ /cm^. The combination 
of reasonably high electron density and high residual resistivity indicates low diffusivity of 
electrons. This implies that even the stoichiometric sample has some disorder in it. As the 
oxygen deficiency is increased in the system the material becomes more disordered; the 
electrical resistivity starts showing an upturn at low temperature and the tunneling density 
of states shows a dip near the Fermi energy. A quantitative analysis of the low temperature 
electrical resistivity and tunneling density of states data shows the presence of enhanced e-e 
interactions in the system. 

The next system investigated in this thesis is NdNiOs-^ (0.08 < <5 < 0.22). The main 
issue that is addressed in this study is whether the sol-gel prepared nonstoichiometric 
NdNiOs-^ is really an insulator at low temperature. In all the previous reports, guided by the 
fact that the temperature coefficient of resistivity is negative, NdNiOa-^ has been claimed as 
an insulator at low temperature. But as a result of a careful quantitative analysis of our low 
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temperature electrical conductivity data we found that the NdNiOs-^ samples have a nonzero 
extrapolated zero temperature conductivity and hence they can not be termed as insulators 
in the real sense of the word. 

In another study we investigated the effect of substituting La by Nd in LaNi 03 . 
When Nd is doped in LaNiOs the electrical resistivity of Lai-xNdxNiOs.^ system shows a 
minimum at low temperature which gradually shifts to higher temperature with increase in 
Nd concentration. In the low temperature limit the correction to electrical conductivity 
follows a power law behavior with an exponent =^0.5 and the tunneling density of states of 
these samples show a cusp like dip near the Fermi energy. Both these features are attributed 
to enhanced e-e interaction in the system. Magnetoresistance of these samples is negative 
which indicates the possibility of the simultaneous presence of weak localization effects in 
the system. 

After this we studied the effect of replacing Ni by Fe in NdNiOs.^-. NdFeOs is an 
insulator so it is expected that when Fe is doped in NdNiOs.^- the resistivity of the system 
should increase. But contrary to this, for 10 atomic percentage doping of Fe the resistivity 
of the system is less than the undoped sample. This indicates the presence of weak 
localization effects in NdNiOs.^. The partial suppression of the localization tendency by the 
spin flip scattering of electrons from Fe^'^ centers may possibly be the cause of the 
unexpectedly lower electrical resistivity of 10 atomic percent Fe doped sarnple. As the Fe 
concentration is further increased the resistivity of the system increases but till 20 atomic 
percentage of Fe, all the samples have nonzero extrapolated zero temperature conductivity 
and hence are metallic. On further increasing Fe concentration the system undergoes an M-I 
transition and becomes insulating. The presence of a quantum correction to the density of 
states, due to e-e interactions, and the eventual opening up of a gap at Ef near the M-I 
transition are clearly seen in the electron tunneling conductance data. 
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In this section we have undertaken two studies. In the first study we have investigated the 
low temperature electrical resistivity and electron tunneling conductance of Lao.vAo.BMnOs 
(A: Ca, Sr, Ba) and in the second study we have examined the effect of the partial 
replacement of Mn by Fe in LaojSro.sMnOs. 

Electrical resistivity of Lao,7Ao.3Mn03 (A: Ca, Sr, Ba) samples shows a peak at a 
temperature close to ferromagnetic-paramagnetic transition temperature (Tc). Above Tc the 
material behaves as an insulator and below Tc it behaves as a metal. Though these materials 
are metallic at low temperature the magnitude of resistivity is rather high. We find that the 
residual resistivity of these materials is larger than or comparable to the estimated Mott’s 
maximum metallic resistivity for the system. Electrical resistivity of all the samples show a 
slight upturn at around 30K, At low temperature the electrical conductivity follows a 

^/^ dependence; a characteristic of disordered metallic systems with enhanced electron- 
electron interactions. Tuimeling density of states of these materials show a dip near the 

Fermi energy and follows a | £■ |" energy dependence with n« 0. 8-0.9. This behavior is quite 
similar to that observed in highly disordered systems close to metal-insulator transition. 

When Fe is doped in Lao,7Sro,3Mn03, the double exchange interaction between 
Mn^'^and Mn'^'" is suppreseed and the resistivity of Lao.7Sro.3Mni.xFex03 system increases. 
However, for x < 0.2 all the samples are found to be metallic. The magnitude of resistivity 
of these samples is quite high which is suggestive of the strongly disordered nature of these 
samples. Tunneling density of states of these materials show a dip near the Fermi energy 
and its energy dependence resembles that of highly disordered systems in the critical 
regime. As the concentration of Fe is further increased for x > 0.25 the system enters the 
insulating regime. It is found that even for the x = 0.25 sample, Mn exists both as Mn as 
well as Mn"'" and hence sufficient number of the hopping electrons as well as the hopping 
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sites are available. We believe that the observed metal-insulator transition in the system is 
due to the disorder driven localization of charge carriers i.e. the Anderson transition. 

After this we have discussed various causes that might be responsible for the 
disorder in Manganates. The random potential fluctuations seen by the conduction electrons 
due to different electronegativities of La and A (A; Ca, Sr, Ba) is understood to be the 
main cause of the disorder. Another cause of the disorder may be the local lattice distortions 
present in the system. Any substitution of Mn by other atoms is likely to further increase the 
disorder in the system. 

The overall conclusion of this thesis is that the transition metal oxides are quite 
sensitive to disorder. When disorder is introduced into the system, by creating oxygen 
deficiency or by substituting one or more of the constituents, the diffusivity of the electrons 
goes down drastically and they start interacting with each other quite strongly and this 
causes significant corrections in the electrical transport and density of states. The oxide 
metals, even when they are ‘clean’, show a conductivity close to the Mott’s minimum 
metallic conductivity. This means that these metals are quite close to the critical regime 
between good clean metals and insulators. And we find that this is especially so in the case 
of GMR oxides. The GMR metals at low temperatures, as shown by the electron tunneling 
conductance and resistivity data, are indeed lying deep inside the critical regime between 
metals and insulators, on the verge of a metal-insulator transition. 



Appendix-1 

Design and construction of a calorimeter 

AI.1 introduction 

Measurement of specific heat provides a lot of information about the lattice and electronic 
properties of a material. A device used for measuring the specific heat of samples is known 
as a calorimeter. History of the development of calorimeters is almost a century old. In 
1910 Nerast and Eucken[l] for the first time measured the specific heat of solid materials 
using an adiabatic technique. In 1968 Sullivan and Seidel[2] devised an ac calorimeter to 
measure the specific heat of very small samples. Although this method allows the 
measurement of the specific heat of small samples, it has the drawback that it can be used 
only at very low frequencies and over limited temperature ranges. In the year 1980 Forgan 
and Nedjat[3] described a relaxation method to measure the specific heat of samples. In this 
method the sample is raised to an equilibrium temperature above a heat reservoir and then 
allowed to relax to the reservoir temperature with no heat input. In this method the time 
derivative of the temperature during the decay process is necessary for extracting the 
specific heat and hence it requires extensive calibration of heat losses of the sample as a 
function of temperature between the reservoir and final sample temperature. In the year 
1986 Riegel and Weber[4] measured the specific heat of samples by using a technique 
which is a slight variation of the relaxation method. In this method they use an extremely 
weak thermal link to a reservoir and record the temperature of the sample while heating at 
constant power for one half of the cycle, then allow the sample to relax while recording the 
temperature during the second half of the cycle with zero power input. In the year 1990 Xu, 
Watson and Goodrich[5] devised a calorimeter that is a hybrid of ac calorimeter and 
relaxation calorimeter. This method uses some of the general ideas of the calorimeter of 
Riegel and Weber. 

In the course of this thesis work a calorimeter has been designed and constructed to 
measure the specific heat of solids in the range 77-300K. This calorimeter is quite similar to 
the low temperature calorimeter of Xu et al.[5\. Because of the improved electronics and 
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data acquisition software, our calorimeter can be used to measure the specific heat of the 
solids at higher temperatures with good accuracy. 

AI.2 Principle of operation 

Suppose power is given to the sample, which is at the temperature T\ a part of it will be 
lost to the surrounding while the rest of it will be spent in increasing the temperature of the 
sample. This can be expressed by the relation 

(AM) 

at 

dT 

Here m is the mass, C(T) is the specific heat of the sample at temperature T, — |, 

dt 

represents the rate of change of temperature with time for the input power 
represents the power lost to surrounding. 


Now suppose that the sample is again at the temperature T and P, power is given to the 
sample then 


(AI.2) 

at 

For both the power inputs P^ and P^ the power lost to the surrounding will remain 

same, because it depends on the temperature of the sample only (provided the other 
conditions are same in both the cases). 

Subtracting eq.(AI. 1 ) firom eq.(AI.2) we get 


C(r) = 


P\-P2 


m 


dT 


12 


(AI.3) 




V dt ' dt 

It is clear from the eq.(AI.3) that if at any particular temperature we know the values of the 


power inputs P^ and P, and the corresponding derivatives — 1 . and — L the value of the 

dt dt - 


specific heat at that temperature can easily be determined. 
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AI.3 Experimental Set-up 

Cryostat : 

The schematic diagram of the cryostat is shown in figure ALL This consists of a vacuum 
To vacuum pump 



Figure AI.l: Schematic diagram of the cryostat used for specific heat measurement. 

chamber sealed by indium O’ring. Sample is suspended from the top of this chamber 
with the help of a thin cotton thread. A miniature Platinum resistance (Pt 110 from Lake 
Shore Cryotronics) is used as the temperature sensor and a small Zener diode 
(dia=1.9mm, mass=69.4 mg, Vz=4 V) is used as heater. The heater and the temperature 
sensor are placed on the sample directly. To minimize the heat loss, very thin phospher- 
bronze wires (SWG 40) were used for electrical connections. 

Electronics: 

The accuracy of specific heat measurement depends on the accuracy with which the 

dT 

temperature and time (i.e. — ) can be measured. To measure the temperature with high 

dt 

accuracy we have constructed an electronic circuit using easily available operational 
amplifiers and transistors. The block diagram of the electronic circuit is shown in the 
figure AL2. It consists of three important parts namely (a) bi-directional current source 
(b) Instrumentation amplifier (c) constant current source for heater. 
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Bi-directional current source is driven by the Lock-in amplifier's (MODEL 
SR830 DSP Lock-In Amplifier) sineout and provides a constant ac current (freq.=997.7 
Hz). Ac current (2 mA) is sent to the platinum resistance in series with a decade box. The 
voltage developed across the platinum resistance (Vj) is fed to the B-input (through the 
instrumentation amplifier) and the voltage across the decade box (Vd) is fed to the A- 
input of the Lock-in amplifier. The gain of the instrumentation amplifier is 5. The 
voltage difference (Vd - 5Vs) is measured by the Lock-in amplifier in the A-B mode. The 
resistance of the decade box is adjusted in such way that the voltage difference (Vd - 
5 Vs) is always less than 3 mV and the full-scale sensitivity of the Lock-In amplifier is 
kept at 3 mV. The resistance of the decade box is measured separately also by the aux- 
input of the Lock-in amplifier. For this purpose rectifier and filter circuits have been 
made which convert the ac voltage across the D.B. into dc voltage and this voltage is 
measured by the aux-input of the Lock-in amplifier. The value of (Vd-5Vs) in assistance 
with the separately measured value of the decade box resistance gives the resistance of 
platinum with a resolution » 1 part in 10^. 

The heater current (0-500 mA) is provided by the constant dc current source, 
which is driven by the aux-out voltage of the Lock-in amplifier. The voltage developed 
across the heater is measured by the aux-input of the Lock-in amplifier. 

AI.4 Data acquisition and Timing: 

Reduction in the measurement of dT/dt calls for the accurate measurement of time. In 
this work we tackled this problem by having the PC acquire the temperature data at 
precisely equal intervals of time. This was done by using the timer interrupt which 
comes every 55 ms. An interrupt handler routine collects the temperature (resistance) 
data from the Lockin amplifier at every 20'th clock tick. This ensured that we measured 
an interval of « 1 s to an accuracy better than 0.1 %. During the rest of the clock ticks the 
interrupt handler measures the power being delivered to the heater. To make sure that the 
interrupt handler gets control at precisely equal intervals of time we have to make sure 
that (a) the program should not be mn in a multitasking environment (like windows, 
linux etc.) (b) no other program catches the timer interrupt (c) measurements inside the 
interrupt handler are completed well before the 55 ms time limit. To take care of (a) and 
(b) we ran the program under DOS (6.22) as a single task with a minimum of memory . 
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resident utilities, none of which used the timer interrupt. To take care of (c) we timed the 
lock-in amplifier to find that it takes a measurement in 6 ms. Not more than 2 lock-in 
accesses were allowed inside the interrupt handler. 

Operation and performance of the calorimeter 

The sample is weighed before mounting it in the calorimeter. The temperature sensor (a 
miniature platinum resistance) and a heater (a miniature Zener diode) are fixed on the 
sample itself with a thin layer of GE varnish. (For the smaller samples, the sample can be 
placed on the one side of a thin sapphire plate and the temperature sensor and heater on 
the other side of the plate.) The sample is suspended from the top of the vacuum can 
with the help of a thin cotton thread. After mounting the sample, the vacuum can is 
pumped down to 1 /j. Hg. After pumping the vacuum can is immersed in the liquid 
nitrogen. 

To start with a heater-input power is given to the sample. A part of this power is 
lost to the surrounding and the rest is spent in increasing the temperature of the sample. 
Once the temperature has increased by 2-3 K the heater power is decreased and the 
temperature starts decreasing. When the temp, comes to the initial value the heater power 
is again increased and the whole process is repeated several times. The heater power and 
the temperature of the sample are continuously monitored as a function of time (see 
figure AI.3). 


<D 

D 

O 

Ql 

£ 


Time (see) 



Figure AL3 : Sample temperature and heater power as a function of time. 
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Specific heat can very easily be calculated from this figure. For this a horizontal 
line con-esponding to the temperature of interest is drawn. This line cuts the temperature 
curves at points A,B)C..etc., all these points correspond to the condition when the sample 
was at the same temperature however the heater power was different. The value of the 
heater power input is known at all these points and the value of dT/dt at these points can 
be calculated numerically. Using these values of power inputs (P) and dT/dt in eq.(AI.3) 
we get the value of the specific heat of the samples. To check the performance of the 
instrument the specific heat of pure copper was measured and it was found to be in 
excellent agreement with the previously reported values (see figure AI.4a). Figure AI.4b 
shows the specific heat of Lao.rSro.sMno.gCuo.iOa. This is a giant magnetoresistive 
material and undergoes a ferromagnetic to paramagnetic transition at T = 340 K (see 
inset of figure AI.4b) . Specific heat of the sample also shows a peak at the transition 
temperature. 



Figure AI .4 (a) Specific heat of Copper (b) specific heat of Lao.7SrojMno.9Cuo.1O3, 
inset shows the magnetization vs. T. 
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Appendix-ll 

Electron tunneling conductance and the 
density of states 


Electron tunneling spectroscopy is a powerful technique to study the behavior of the density 
of states in materials at low temperature. There are some other techniques also like optical 
conductivity measurements, photoelectron spectroscopy, x-ray absorption spectroscopy etc., 
which are frequently used to determine the electronic density of states of materials. But the 
electron turmeling spectroscopy is unique in the sense that it probes the electronic states 
very close to the Fermi level and provides important information about the density of states 
near the Fermi energy. The energy resolution of the electron tunneling spectroscopy is a 
few times the thermal energy, so if the experiments are performed at liquid helium 
temperature, it has the resolution of millivolts or less. 

The most crucial part of an electron turmeling experiment is to make a tunnel 
junction. One electrode of this junction is made of the material whose electronic states are 
to be studied and the second electrode (reference electrode) is made of a standard material 
whose density of states are already known. Next step in this experiment is to apply a bias 
voltage between the two electrodes. Now the bias voltage between the two electrodes is 
varied so that the electron turmeling between the different energy states of electrodes occur. 
This allows us to extract the information about the electronic density of states in the 
electrodes. 

Fig AII.l represents a typical diagram of a turmel junction showing the electron 
tunneling process between the two electrodes. The turmeling conductance depends on the 
density of states of both, the sample electrode as well as the reference electrode. If the 
reference electrode is so chosen that it have constant density of states near the Fermi energy 
then at sufficiently low temperature the tunneling conductance data closely resemble the 
density of states of the sample i.e. G(V)ocN(qeV+EF)- 
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Electron tunneling conductance and the density of states 



Figure AII.l : Schematic illustration of the electron tunneling process. A thin 
insulating barrier separates the reference electrode and the sample. Oi and O2 
represent the work functions and fix and fii represent the Fermi levels of the reference 
and sample respectively. V is the potential difference between the two electrodes. 
Conventionally if the sample voltage is greater than the reference electrode voltage, it 
is considered as a case of positive V. In this case the right side of the graph of dl/dV vs. 
V will represent empty states. 


References: 
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Appendix-Ill 

Local Environment of Fe in NdNii.xFexOs.^ 


Mossbauer spectroscopy[l-3] is an important spectroscopic technique for local structure 
determination via hyperfine interactions, i.e. the interactions between the nuclear charge 
distribution and extranuclear electric and magnetic fields. These hyperfine interactions 
give[2] rise to the isomer shift (IS), the quadrupole splitting (QS) and the magnetic Zeeman 
splitting. In this appendix a systematic study of the local environment of Fe in 
NdNii-xPcxOs-^ using Mossbauer spectroscopy has been presented. 

All the samples are orthorhombic and their unit cell parameters along with the 


oxygen stoichiometries are tabulated in table AIII.l. Room temperature Mossbauer spectra 
of various NdNii-xFoxOa-^- samples are shown in figure AIII.l and figure AIII.2. The 
experimental values of the isomer shift (relative to metallic iron), quadrupole splitting and 
internal magnetic fields for various samples are summarized in table AIII.2. 
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Figure AIII.l: Room temperature 
Mossbauer spectrum of NdNii-xFexOs-^ 
for x<0.5. 



Figure AIIL2: Room temperature 
Mossbauer spectrum of NdNii-xFexOs.^ 
for X >0.5. 


This appendix is based on the published work of A. Tiwari, J. of Alloys and Compounds 274, 42 (1998). 
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Local Environment of Fe in NdNij.xFoxNiO 




Table AIII.l: Lattice parameters and oxygen contents of NdNii-^FexOs.^ samples. 


X 

a(A) 

parameters 

b(A) 

c(A) 

3-<5 

0.0 

5.423 

5.431 

7.556 

2.92 

0.1 

5.436 

5.452 

7.540 

2.93 

0.2 

5.441 

5.473 

7.546 

2.94 

0,3 

5.449 

5.482 

7.554 

2.95 

0.5 

5.454 

5.502 

7.573 

2.96 

0.6 

5.464 

5.512 

7.591 

2.97 

0.7 

5.474 

5.532 

7.612 

2.98 

0.8 

5.484 

5.562 

7.630 

2.99 

1.0 

5.509 

5.602 

7.671 

3.00 


AIII.1 Isomer shift 

The isomer shift results from the electrostatic interaction between the charge distribution of 
the nucleus and those electrons which have a finite probability of being found in the region 
of the nucleus[2,3]. Only s-electrons have a finite probability of overlapping with the 
nuclear charge density and thus of interacting with it. Although the p- and d-electrons do 
not interact directly, with the nuclear charge density, they may cause a slight change in the 
s-electron density and thus cause a slight change in the isomer shift. The value of the isomer 
shift (in velocity units) is given by the well known relation[2,3]: 

7^2/3 An 

LS. = io.5— -[p^(A)-A(S)] (AIII.l) 

R 

where £., is the energy of the nuclear transition (keV), Z and A the electron number and 
mass number, respectively, R is the nuclear radius, AR the change in the nuclear radius for a 
transition from the excited state to the ground state, ps(A) and Ps(S) are the s-electron 
densities in atomic units at the nucleus of the absorber and the source, respectively. 
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Table AIII.2 : Isomer shift (IS), quadrupole splitting (QS), internal magnetic field and 
effective s-electron density at the iron nucleus for various NdNii.^FexOs.^ samples. 


Sample 

IS (mm/s) 

QS(mmys) 

Internal Magnetic 

Field (T) 

A(Fe'") (a.u.) 

0.1 

0.506 

0,48 

- 

7533.150 

0.2 

0.554 

0.27 


7533.055 

0.3 

0.575 

0.15 

- 

7533.013 

0.5 

0.600 

0.13 

- 

7532.963 

0.6 

0.639 

0.04 

45.42 

7532.885 

0.7 

0.644 

-0.01 

50.38 

7532.875 

0.8 

0.649 

-0.025 

50.44 

7532.865 

1.0 

0.650 

-0.03 

51.27 

7532.863 


In NdFeOs, Fe is in the 3+ state with the electronic configuration 3d^. By Hartree-Fock 
calculations the s-electron density for Fe^"^ is found to be 7533.02 a.u.[3]. In the case of Fe 
atom (3d’4s') the s-electron density at the nucleus is found to be 7534.16 a.u.[3]. Using 
these values of charge densities with Ml/R = -(18±4)xl0‘^ in eq.(AIILl) we obtain I.S.=0.66 
mm/s, which is in excellent agreement with the observed isomer shift of 0.65 mm/s. 

Table AJII.2 summarizes the values of s-electron densities at the iron nucleus for 
various samples. As the concentration of Ni increases the isomer shift decreases, implying 
an increase in the effective density of s-electrons at the nucleus. The increase in the 
effective s-electron density is equivalent to a decrease in the localized d-electron density 
(the 3d-electrons have a finite probability of lying within 3s-electrons, causing 3s-electrons 
to expand and thus reduce the s-electron density at the nucleus). So as the concentration of 
Ni increases the d-electrons become more delocalized. 
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Local Environment of Fe in NdNij.xFexNiOs.j 


AIII.2 Quadrupole splitting 

Another important quantity from which information can be obtained is the quadrupole 
splitting (QS). Any nuclear state with I>l/2 has a quadrupole moment Q, which can interact 
with a noncubic extranuclear field to lift the degeneracy of the state. The quadrupole 
splitting (QS) is directly proportional to Q and the electric field gradient 

A very small quadrupole splitting value is observed for NdFeOs, which suggests an 
almost octahedral environment for Fe. This small quadrupole splitting may be because of 
the polycrystalline nature of the sample (Goldanski-Karayagin effect)[2,3]. As the 
concentration of Ni increases the QS remains very small and varies very slightly till 40 
atomic percent of Ni . For Ni concentration more than 50 atomic percent the QS becomes 
quite appreciable and increases with further increase in Ni concentration. The increase in 
QS with increasing Ni concentration can be attributed to the increasing oxygen deficiency 
in the sample. Because of the oxygen deficiency the environment of Fe is not purely 
octahedral, i.e. FeOg octahedra are not regular and hence the Fe atom experiences a 
noncubic electric field which gives rise to QS. 


AIII.3 Nuclear magnetic Zeeman splitting 

The third hyperfine interaction that affects the Mossbauer spectrum is the nuclear magnetic 
Zeeman splitting. When the nucleus is subject to an internal or an external magnetic field 
the nuclear energy levels split. The extent of the energy separation depends, both on the 
nuclear magnetic moments of the ground and excited states and also on the magnitude of 
the magnetic field. For instance, for ^^Fe the 1=1/2 ground state splits into two sublevels 
and the 1=3/2 excited state splits into four sublevels. Transitions between these are subject 
to the selection rule Am=0, ±1. So, because of the nuclear magnetic Zeeman splitting of Fe 
six resonance lines are expected. 

For NdFeOs six resonance lines are observed. This shows that the Fe ions 
experience an internal magnetic field. It has been reported[4,5] that NdFeOs is an 
antiferromagnet with Tn=620 K. The Fe ions are arranged as two sublattices coupled 
antife- 
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rromagnetically. These sublattices are slightly canted with respect to the antiferromagnetic 
axis, resulting in a small net fen'omagnetic moment. For NdFe 03 an internal magnetic field 
of 51 .3 T has been observed, which is in very good agreement with the previously reported 
value[5]. 

NdNiOs is a paramagnet. So, as the concentration of Ni increases in the system the 
strength of the antiferromagnetic interaction decreases, which causes a decrease in the 
internal magnetic field experienced by the Fe ion. For Ni concentration more than 50 
atomic percent, the internal magnetic field vanishes completely causing the disappearance 
of six line resonance spectra. 
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CSlin 


LaMn 03 +<, 


One of the most important parameters that affects the behavior of any oxide material is 
the oxygen stoichiometry. Since in manganates it is the ratio of Mn^'" and Mn'^”' that 
determines the whole behavior, the role of oxygen stoichiometry becomes more crucial. 
In this section an effort has been made to see how does the material behaves when the 
oxygen stoichiometry is varied. 

LaMn 03 +,j samples were prepared by the citrate precursor decomposition method. 
Appropriate amounts of Lanthanum nitrate, manganese nitrate and citric acid were 
dissolved in water so as to maintain La:Mn;citric acid ratio of 1:1:2.05. The resulting 
solution was refluxed at 360 K for 12 hours. After refluxing the solution was gently 
wanned to get citrate precursor powder. The precursor powder was ground and given 
heat treatment at 823 K. The sample thus prepared was, pressed into five pellets and each 
pellet was annealed under different condition. The oxygen stoichiometries of these 
samples were determined by iodometric titration. Table AIV.l shows the annealing 
conditions and oxygen stoichiometry in various samples. 

Table AIV.l: ratio for different annealing conditions. 


Annealing 

atmosphere 

Annealing 

temperature 

Duration 

Mn'^^/Mn ^ ratio 

Stoichiometry 

0: 

1075 K 

12 hours 

0.30/0.70 

LaMnOs.is 

Air 

1075 K 

24 hours 

0.24/0.76 

LaMnOs.i? 

Ail- 

975 K 

24 hours 

0.20/0.80 

LaIVIn03jo 

Air 

975 K 

12 hours 

0.16/0.84 

LaMnOa.og 

Vacuum 

975 K 

24 hours 

0.08/0.92 

LaMnOs.oA 


This appendix is based on the published work of A.Tiwari and K.P.Rajeev, Journal of Material Science 
Letters 16, 521 (1997). 
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